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Abstract: Wood is a hygroscopic material that primarily adapts its moisture content to the surround-
ing relative humidity. The climate in a structure or building depends on the building type and the
region the structure is located in. In this study, the effect of region on the moisture content of wood
was investigated. Measurements taken in 12 ventilated timber structures were compared to the
theoretical equilibrium moisture content calculated from the relative humidity and temperature in
107 meteorological stations across Switzerland. The monitored load-bearing elements were made
of softwood and protected from the direct impact of weather. The climatic conditions around the
Alps, a mountain range that runs from France to Austria and crosses Switzerland, can be divided
into the following three different regions: (1) south of the Alps, where the climate is affected mainly
by the Mediterranean sea; (2) north of the Alps, where the climate is affected by the Atlantic Ocean;
and (3) the inner Alps, where the climate is considered to be relatively dry. The climatic conditions
of the three separate regions were reflected in the measurements made in the monitored timber
structures. Differences between the regions were quantified. The moisture content and relative
humidity, similarly to temperature, depended on altitude (above sea level).

Keywords: moisture content; climate; meteorological data; building standards; monitoring

1. Introduction

Wood is a hygroscopic material that experiences moisture content (MC, expressed
as mass percentage (M%)) changes during its service life due to climate changes in build-
ings [1]. The MC of wood primarily depends on its surrounding climate and engineers
need to anticipate the climatic conditions a structure will experience. The climate in a
building is of interest as it defines the strength and stiffness of the load-bearing elements of
a structure [2,3]. The climate in a building is not only affected by the building type and
building envelope, but also by climate conditions outside of the building.

The Swiss climate is characterized by three main local climate conditions due to the
presence of the Alps [4]. For instance, the inner Alps are known to be dryer due to rain
shadowing [5,6] than the densely populated Central Plateau, but to what extent this can
or needs to be accounted for is not known. The tradition of timber construction has been
strong throughout the centuries and, therefore, different examples of the longevity of timber
can be found in buildings and bridges. Structural protection by either building a roof with
a large overhang or cladding load-bearing timber elements is the favored building practice.
Materials, areas of application, and performance requirements, however, continuously
develop in modern architecture. Thus, more and more timber structures are also being built
high in the mountains. Timber is a popular building material as it is abundantly available
and allows for short construction times. Light, prefabricated elements can be flown to a
construction site if access by road is difficult.
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Structural engineers need to know how load-bearing elements of a structure will
respond (MC) to the climatic conditions where it is installed. MC in load-bearing elements
is accounted for through the system of Service Classes found in Eurocode 5 (EN 1995) [2].
The Swiss standard mentions that MC in the pre-Alpine region (north side) and the Jura are
higher. In the inner Alps region, MC has been found to be lower than in the Central Plateau;
for both regions, however, absolute values are not mentioned [3]. Moisture conditions—i.e.,
either too moist, too dry, or varying—accounted for half of the observed structural damage
in evaluated large-span timber structures located in southern Germany. The observed
damages included, for instance, cracks perpendicular to the grain [7,8].

One study monitored the indoor climate and MC of load-bearing beams in 21 buildings
in southern Bavaria, Germany [9]. The considered building types in this study were three
swimming pools, four ice rinks, three horseback riding halls, three sports halls, two
production halls, three livestock halls, and three storage halls. Another study extended the
results by considering the climate and MC in three cable car stations and three bridges [1].
These two studies help in defining the expected MC for different building types, i.e., how
dry or how moist a structure is. To avoid fungal attacks, the MC in load-bearing elements is
recommended to be maintained below 20 M%. This criterium is usually met in large-span
structures [1,9], but is critical in ice rinks and agricultural buildings [10]. If it is higher, the
risk of fungal attack is still small if the temperature (T) remains low [11].

In this study, the regional conditions of built timber structures were analyzed. Mon-
itoring data obtained from 12 different buildings across Switzerland were compared to
the climate measured in 107 meteorological stations across the country. The available
monitoring data allowed for a comparison of the meteorological data with measurements
of the following continuously monitored timber structures: (1) ice rinks and horse-riding
halls where the relative humidity (RH) was over 90% (e.g., MC > 20 M%) for several months
during the year; (2) cable car stations located in the Alps at over 1500 meters above sea level
(m.a.s.l.); and (3) bridges. The monitored load-bearing elements were made of softwood
(Norway spruce and pine) and resembled Service Class 2 conditions according to Eurocode
5 (EN 1995) [2]. The monitored elements were neither coated nor exposed to rain or sun.

2. State of the Art
2.1. Alpine Climate

In the inner Alps (Figure 1), dry climates and sub-freezing temperatures dominate in
winter. The climate in the Central Plateau, which is at an altitude of 400 to 500 m above
sea level and is densely populated, is mild and affected by weather from the westerly
and northerly direction; it is also a region that is known for being overcast (clouds) in the
autumn and winter. The high mountains running from east to west act as a climate and
rain barrier [4,5], leading to large variations in the durability of exposed wood [12]. The
altitude of the mountains causes differences in climate types; the south is affected more by
the Mediterranean Sea and experiences milder winters [4]. Figure 1 shows the locations of
the 12 monitored structures and 107 meteorological stations used to compare the predicted
and measured climate and MCs.

2.2. Methods for Relating Climate to Region

The Koppen and Geiger maps [6,13,14] and biogeographical regions [15,16] offer
a classification of climate that depends on the topography, temperature, precipitation,
and vegetation. General applications of the Geiger and K&ppen maps can be found in
studies of river discharge, vegetation coverage, human thermal comfort by urban street
configurations, air pollution, and more [6]. The classification depends on temperature and
precipitation [13], but does not consider RH, a dominant factor in wood MC in unexposed
wooden components.
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Figure 1. Overview of the meteorological stations including regions, indications of altitude (light
denotes low altitude; dark denotes high altitude), and the locations of some of the country’s impor-
tant cities.

The biogeographical regions are defined as areas with similar animal and plant dis-
tributions or shared characteristics and are based on experience [17]. The classification
separates regions by altitude, water bodies, etc. and offers a classification of region based
on typology.

The Scheffer Climate Index (SCI) offers a third possibility for mapping the relationship
between climate and region [18]. It is used to model fungal decay in wood and decay
hazard mapping and can estimate exposure-related dosage in a quantitative manner [18,19].
Similar to the Geiger and Koppen classification, the SCI is based on T and rainfall.

Figure 2 shows the six main biogeographical regions and 11 smaller regions identified
for Switzerland [16]. The six biogeographical regions can be further organized into the
following three larger regions using the description given in Section 2.1 [4]:

North of the Alps (red), i.e., Jura, Central Plateau, the Northern Alps;

Inner Alps (blue), i.e., the Western and Eastern Alps;

South of the Alps (green), i.e., the Southern Alps.
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Figure 2. The six main biogeographical regions (11 subregions) [16] and the meteorological stations
(marker size indicates amount of data available to reference for 30 years).
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2.3. Climate and Timber Structures across the European Continent

RH and T data obtained from meteorological stations were used to perform simula-
tions of MC developments and moisture-induced stresses in timber cross-sections [20]. Both
MC and moisture-induced stress were greater in northern Europe than in southern Europe.

The Durable Timber Bridges project [21] focused on the durability and further de-
velopment of timber bridges. Along with measurements of the resistance of timber to
decay, maps were set up to indicate areas in Europe where wood was prone to mold and
decay [22].

The theoretical equilibrium MC has been calculated for 262 locations in the USA and
122 locations across the globe [23]. In Central Europe, autumn is generally the humid
period and spring is the driest. The calculated monthly averages for MC from this study
for Geneva, Bern, and Zurich, along with four other cities north and south of the Alps,
are listed in Table 1. The MC averages are valid for softwood and based on the Simpson
equations (Section 2.6). There was little difference between the cities located in Switzerland,
all of which are located in the Central Plateau region (Figures 1 and 2). It can be observed
that the two cities south of the Alps experienced less variation in the predicted MC over
the year than the two cities north of the Alps.

Table 1. Predicted equilibrium moisture content (M%) in outdoor sheltered structures for four
different months in a number of cities within, north of, and south of the Alps [23].

March June September December
Geneva 13.0 12.0 13.7 16.3
Bern 13.7 12.5 14.1 18.3
Zurich 13.0 13.1 14.9 18.3
Berlin (Germany) 14.9 12.8 14.5 20.0
Paris (France) 14.6 13.1 14.1 17.7
Milan (Italy) 134 13.8 15.0 15.2
Rome (Italy) 15.2 15.5 15.5 14.7

2.4. Relative Humidity

RH and T are the two main parameters used to calculate predicted MC [24,25] (see also
Sections 2.5 and 2.6). RH can be measured using different methods [24]. The Swiss Federal
Office for Meteorology and Climatology measures RH using the following two methods:
(1) with a dew-point monitor, where a mirror is cooled to identify the point of condensation
(Thygan); (2) with a hygroscopic polymer [26,27]. In the latter, RH is measured directly. In
the former, it needs to be calculated from the relationship between the air temperature and
dew-point temperature [27] as follows:

H =100 x exp((a1 x Tg)/(az + Tg) — (a1 x T)/(az + T)), 1)

where H is the RH (%), T, is the dew-point temperature (°C), and T is the air temperature
(°C). The parameters are a; = 17.368 and a, = 238.83 below 0 °C, and 4; = 17.856 and
ay = 245.52 above 0 °C. The difference for RH in subzero temperatures is necessary as the
vapor pressure above ice is different from the vapor pressure above supercooled water [28].
Similar relationships, such as the semi-empirical Kirchhoff equations, can also be found in
the literature, with other formulations and different units [29]. The saturation pressure of
vapor es (hPa) over ice and over water can be calculated and was used to obtain a uniform
dataset spanning 30 years as follows:

es = 6.112 x exp((b; x T)/(by + T)) x (1.0016 + 3.15 x 107® x P — 0.074 x P~1) (2)
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where the air pressure is P (hPa). The factors are by = 17.62 and b, = 243.12 above 0 °C, and
b1 =22.46 and by = 272.62 below 0 °C. The RH at saturation pressure is 100%. The vapor
pressure e at a lower RH is calculated as follows:

e=es x H/100 3)

Figure 3a illustrates the relationship between vapor pressure and T above and below
0 °C (Equations (2) and (3)). It also shows the relationship between vapor pressure and
saturation vapor pressure. Figure 3b illustrates the relationship between RH and T at a
constant vapor pressure of 6 hPa.
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Figure 3. (a) The relationship between vapor pressure, temperature, and relative humidity above and
below 0 °C (above water and above ice, respectively) [27]; (b) the relationship between temperature
and relative humidity at a constant vapor pressure.

2.5. Monitoring Moisture Content Methods

The MC of wood can be determined using different methods, amongst which the
electrical resistance method (measured between two electrodes) and the sorption method
(the measurement of climate in a void) are the most common [1,9,10,22,24,30-38] (Figure 4).
The accuracy of the electrical resistance method depends on the wood species and lies
between 1 and 2 M% [30]. Measurement errors, as a result of the material density, the
distance between the gauges, and the type of gauges, are small, but those caused by T
should be corrected for. Measuring MC below —5 °C is not recommended and is considered
to be unreliable below —10 °C [35]. The electrical resistance method also allows for the
measurement of MC above the fiber saturation point. It is therefore a robust method, but
the accuracy drops significantly [22,36] and, in engineering practices, it is even considered
to be totally unreliable.

Electric Resistance Sorption Method

T@ ,—E® %RH@ @T

LA I LA

Figure 4. The resistance method, in which resistance and temperature need to be measured, and the
sorption method, in which the climate in a small cavity is measured.
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The sorption method can be used on a larger T range [37]. The drawback is that it
does not allow for the measurement of moisture above the fiber saturation point [36]. The
sorption method is considered to be more accurate than the electrical resistance method [34]
but measurement errors can occur with rapid or large T variations [38].

2.6. Equilibrium Moisture Content

Sorption isotherms can be established using experiments in which wood is either wet-
ted (absorption) or dried (desorption) at four or more different RH values (ISO 12571) [39].
Once a sample of wood reaches a condition in which it neither adsorbs or releases water to
the environment, this condition is called the equilibrium MC. By combining equilibrium
MCs from the literature [28,40,41], so-called absorption and desorption planes can be set
up [34,42]. A more convenient mathematical approach was used by Simpson [25] using
absorption isotherms gathered by Keylwerth and Noack [43]. The mathematical equations
were established using the Hailwood-Horrobin sorption theory [24]. Other mathemat-
ical approaches are, however, also available [20,44]. Simpson developed the following
relationship to calculate MC using RH and T:

Ugpmc = 1800/M, x (K1 x H)/(1 — Ky x H) + (K1 x Ky x H+2Ky% x K5 x K3 x H?)/(1+ Ky x Ko x H+ K32 x Ky x K3 x H?) (4)

In which My, K3, K3, and K3 depend on T as follows:

Mp=349+129 x T+1.35 x 102 x T?
Ky =0.805+7.36 x 107% x T —2.73 x10~¢ x T? )
Ky =627 —938 x1073 x T — 3.03 x10~% x T2
K3=191+4.07 x1072x T —293 x 107 x T2

The mathematical relationships calculated with Simpson’s equation at —12 °C and
20 °C were compared to experiments [29,41] (Figure 5). Simpson’s sorption isotherms
overlapped the measurements made at 20 °C and only overestimated the MC above 80%
RH at —12 °C. The latter values were corrected from the RH measured above water to the
RH above ice (Equations (1)—(3)).

12 °C 20 °C
30 L L ] I I [ [ 30 I I I I f I
Simpson 1973 Simpson 1973
e 25 O Hedlin 1968 ® 25 O Hansen 1986
=3 =3
£ 20 © T20f
i) o ]
c c
g 15 - g 15
L 7 <4 &
S - = b 7
2 10 o g 10 o
] o~ s}
£ 5 o~ € 5 o~
/‘/
0
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

relative humidity [%] relative humidity [%]

Figure 5. Comparison of the adsorption isotherms for —12 °C and 20 °C [25] to experiments [29,41].

3. Data Acquisition and Analysis
3.1. Meteorological Data

Figure 1 shows the distribution of the 107 meteorological stations used in the study.
Measurements of RH were all corrected for measurements over ice below 0 °C and over
water above 0 °C (Equations (1)—(3)) to obtain a uniform set of RH measurements consis-
tent with the methods used by MeteoSwiss. The Equipment in the stations, i.e., for the
measurement of RH via the Thygan method and hygroscopic polymer, differed and was re-
placed throughout the analyzed period. The measured T and RH data were obtained from
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the Idaweb portal of the Federal Office for Meteorology and Climatology of Switzerland,
MeteoSwiss [4]. The obtained data cover 30 years (from 1990 to 2019), a general standard
in climatology [4-6]. Daily averages of RH and T measured 2 m above the ground were
used to calculate monthly and annual averages.

3.2. Moisture Content Measurements

The MC measurements obtained with both the electrical resistance and sorption
methods were analyzed according to material parameters defined for Norway spruce.
Monitored wood elements were made of Norway spruce (Picea abies) and silver fir (Abies
alba) and located in sheltered but ventilated conditions (Service Class 2, EN 1995 [2]).
The SN EN 14080 [45] mentions that these two species can be treated equally. Therefore,
these two are often mixed in glued laminated timber and other wood products, like cross-
laminated timber.

In some structures, both the electrical resistance and sorption methods were applied
for the sake of redundancy. Electrical resistance was measured using the Scanntronik
Gigamodul and the data were logged using the Thermofox or Hygrofox produced by Scan-
ntronik Mugrauer GmbH. The climate data were measured using hygroscopic polymers
with a maximum uncertainty of 3% RH.

RH and T were converted to MC measurements using Simpson’s method (Equations
(4) and (5)) [25]. Electrical resistance was converted to MC using methods published by
Forsén and Tarvainen [30] (Figure 6). The material temperature measured in the structural
elements was used to compensate for temperature effects. MC U,, was expressed in mass
percentages (M%) and R was input in ohms as follows:

Uer = (log(log(R) — 5) — f2)/f1, (6)

where the parameters were f; = —0.036 and f, = 1.040. Temperature effects were compen-
sated for using the measured MC U, and parameters f; and f, as follows:

Uyt = —(0.00147 x T x In(10) + In(exp(f1 x Uer x In(10) + f, x In(10)) + 1 — 1.075 x In(10)) /

(In(10) x (0.000158 x T + 0.0262)) @)

40 T T T T
3 T Uer,10 B

30+ \\‘ er20|

251 N ‘ Ny er,30 | |
20 - ST .
15+ TSI 1
10} e .
5t B i

moisture content U_ [M%]

0 . . s . s s
100k  1MQ  10MQ 100MR 1GQR 110G 100G 1TQ
resistance [(2]

Figure 6. Relationship between resistance and moisture content for Norway spruce at different
temperatures [29].

As MC measurements were taken at different depths from the surface, i.e., from 15 mm
to 400 mm, average annual values were used as comparisons. RH and T could be compared
to meteorological data throughout different months of the whole year.

3.3. Monitored Structures

Six bridges were instrumented and monitored, some for nearly 10 years [46] (Table 2).
Five of the bridges cross rivers and one crosses a road (Figure 7; structure 4 in Table 2)
and, for one bridge, only climate was measured (structure 6 in Table 2). The measurement
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intervals were typically every 6 to 12 h. The bridges were monitored to measure the
development of MC throughout the cross-section over time and to detect leakages in
the asphalt surfacing in the abutments. The measurements were made in sheltered load-
bearing members, like bridge decks or glued laminated beams made of spruce and fir. The
measurements presented here are those made in reference locations, i.e., locations that were
representative for whatever was expected throughout the whole structure. Hence, locations
that were susceptible to condensation or splash water, or were exposed to sunlight behind
a glass facade, were excluded from the comparisons. Table 2 lists which method—the
electrical resistance (ER) method or sorption method (SM)—was used to measure MC.
Climate was always measured. Table 2 also lists the measuring depth of the MC and
cross-section size of the monitored load bearing elements. In structures 1, 3, and 5, MC
measurements were made in the stress-laminated timber deck. The measurement depth
was measured from the bottom side. The upper surfaces of these stress-laminated timber
decks were protected by asphalt.

Table 2. List of structures with erection date, duration of monitoring, type of measurement (electrical resistance (ER) or

sorption method (SM)), sensor depth, and cross-section dimensions (only one dimension is given if the measurement was

taken in a stress-laminated timber deck).

. Monitoring Sensor Depth
Name/Location . Sensor .
Type . Region m.a.s.l. Data, (Cross-Section)
(Construction) Name .
Method in mm
. Bubenei/ 3.1 20 (220)
1 (obs t]zrcll‘igfiver) Schiipbach N. Alps 680 201%‘13020 3.2 10 (220)
: (1988) 33 20 (220)
Bridge Kirchenbriicke/ 2009-2011
2 (river) Mouthatal (2009) N. Alps 620 ER E-1-1 90 (900 x 1000)
. Obermatt/
Bridge . 2010-2020 S-T-3 105 (120)
3 . Lauperswil N. Alps 650
(river) (2007) ER S-T-5 105 (120)
Bridge Horen/Aarau 2009-2012 E-l-4 200 (1080 x 1680)
4 (obstacle: road) (2008) Jura 420 ER E-1-5 50 (1080 x 1680)
) M-O-1 50 (1080 x 1680)
s Bridge S%thhinhius/ N Al 730 2011-2014 HF-T-1 105 (160)
(obstacle: river) e (380?)5 en ApS ER HF-OF-1 20 (200 x 1100)
Bridge Neumatt/
6 (river) Burgdorf (2013) C. Plateau 550 2013-2019
. g Einsiedeln 2017-2018 MS1-15 15 (200 x 960)
7 Riding hall (2017) N. Alps 880 ER MS2-15 15 (200 x 960)
Andermatt 2017-2020 MS1-S 30 (480 x 880)
8 Cable car (2017) E. Alps 1460 SM MS2-S 30 (480 x 928)
Nitschen 2017-2020 MS1-S 30 (240 x 928)
? Cable car (2017) E. Alps 1950 SM MS2-S 30 (160 x 560)
Schneehueenerstock 2018-2020 MS1-S 30 (360 x 560)
10 Cable car (2018) E. Alps 2600 SM MS2-S 30 (160 x 200)
. 2017-2020 US-15 15 (360 x 700)
11 Ice rink Le Locle (2011) Jura 1260 ER U-15 15 (360 x 700)
. . 2017-2020 Us-15 15 (320 x 660)
12 Ice rink Delémont (2008) Jura 430 ER U-15 15 (320 x 660)
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cable car station, structure 9 % \ . \ ice rink, structure 11

Figure 7. A selection of the 12 monitored structures: the Horen bridge, the horseback riding hall, the
cable car station in Néatschen, and the ice rink in Le Locle.

The remaining structures (structures 7 to 12 in Table 2) were instrumented after 2017
and consisted of one horseback riding hall in the pre-Alpine region, three ski lifts/cable
car stations in the inner Alps, and two ice rinks in the Jura mountains [1] (Figure 7). The
horseback riding hall was instrumented because it was in a damp region (>90% RH for
large parts of the year). The three cable car stations were instrumented to learn more
about MC developments in structures at altitudes over 1500 m.a.s.l. These were the only
MC measurements made with the sorption method. Finally, two ice rinks were also
instrumented in the Jura mountain range (also >90% RH for large parts of the year). Both
structures were open, with only half of the perimeter closed, i.e., the windward side.
Measurements at the newly instrumented structures were logged every three hours. As
already mentioned, in the instrumentation of the bridges, the measurements were made in
the glued laminated beams of spruce and fir for reference locations.

4. Measured Climate and Predicted Moisture Content
4.1. Measured Climate and Predicted Moisture Content in Meteorological Stations

Table 1 shows that the average theoretical equilibrium MC values north of the Alps in
June and December were typically the lowest and highest, respectively. Figure 8 shows
these as a function of altitude, along with monthly averages of RH and T. T decreased at a
rate of about 6.5 °C per 1000 m of altitude in the troposphere (the dashed line is indicative
of the lapse rate given by the International Standard Atmosphere (ISA) [46]), which is
reflected in the data plotted for June (red). This is the lapse rate for T in an adiabatic
environment, i.e., no wind or clouds. In December (blue), however, a lower lapse rate
between 1000 and 2000 m was observed due to inversions in the temperature gradient [47].
This was caused by the overcast conditions, which are common in autumn (Section 2.1).
Different air layers (and temperatures) were observed above (sunny) and below the clouds.
Above 2000 m.a.s.l., a 6.5 °C lapse rate was again observed.



Buildings 2021, 11, 181

10 of 17

temperature, June

relative humidity, June

100

20 IS
o S 90
e z
o 10 3 80 : R
Ei E B
g 0 p 2 70
g ”d/ o 2 60

} ra, =
g-10 T 50

-20 40

0 1000 2000 3000 4000 0 1000 2000 3000 4000
altitude [m.a.s.l.] altitude [m.a.s.l.]
temperature, December 100 relative humidity, December

20 IS
o approx. alt. overcast S 90
2 2
o 10 3 80
2 £
o 27
g 2 60
& -10 ©
z o 90 o

-20 40

0 1000 2000 3000 4000 0 1000 2000 3000 4000

altitude [m.a.s.l.]

altitude [m.a.s.l.]

30equilibrium moisture content, June

= NN
o o

moisture content [M%]
o (9] o (&)

o

1000 2000 3000 4000
altitude [m.a.s.l.]
0equilibrium moisture content, Dec.

NN W
[SEN ]

o o

moisture content [M%]
o

o

o

1000 2000 3000
altitude [m.a.s.l.]

4000

‘ O Jura ¥ CentralPlateau O Northern Alps ¢  Western Alps >

Eastem Alps ¥  Southern Alps ‘

Figure 8. Average relative humidity, temperature, and moisture content from 1990 to 2019, both in
June and December. The temperature plots include an indication of the temperature lapse rate and
the approximate altitudes of clouds in the winter.

As T changes with altitude, the RH and, subsequently, MC were also expected to
change. Figure 8 shows that these were positive in June but negative in December. Another
important observation is that below approximately 1000 m.a.s.l., summers were relatively
dry and winters were relatively humid. Above 2000 m.a.s.l., however, summers were
relatively humid and winters relatively dry.

The next analysis was performed by separating the meteorological data into regions
as follows: north of the Alps, the inner Alps, and south of the Alps (Figure 9) (Section 2.1).
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Figure 9. Dependency of relative humidity and moisture content on altitude for each region—mnorth
of the Alps, inner Alps, and south of the Alps—along with their trend lines.
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At altitudes below 1000 m.a.s 1., the following was concluded:

e  North of the Alps, the RH remained below 80% in June and was greater than 80%
in December;
In the inner Alps, the RH was 60% in June and 80% in December;
South of the Alps, the RH remained at around 70% throughout the year.

With regard to the MC below 1000 m.a.sl., the following was formulated in terms of
annual variations:

e  North of the Alps, the equilibrium MC varied between 12 M% in June and 24 M%
in December;

e In the inner Alps, the equilibrium MC varied between 11 M% in June and 19 M%
in December;

e  South of the Alps, the equilibrium MC varied between 12 M% in June and 18 M%
in December.

4.2. Measured Relative Humidity and Moisture Contents in the Monitored Structures

Measurement data from the monitored structures (Table 2) are shown in Figure 10.
This figure shows a comparison between RH and T in both June and December (left
diagram) along with a comparison between annual RH and MC (right diagram) for each
structure. The plotted points represent measurements at reference locations for a minimum
of 75% of the year. In some years, malfunctioning equipment caused blind spots in the data.

The climate around all the bridges displayed a similar pattern, i.e., an average RH over
80% in December and an RH between 60% and 80% in summer. The Bubenei and Obermatt
bridges showed almost identical measurements because they are located 3 km apart. In the
inner Alps, the RH in the cable car stations (Andermatt, Nétschen, and Schneehiienerstock)
remained between 60% and 80% throughout both June and December. The horseback
riding hall (Einsiedeln) is in a humid region and is well-ventilated, but the RH remained
relatively low. Windows cover a large part of the facade (Figure 7), which resulted in the
average T being higher inside the building than outside when the sun was shining. The
average RH in the two ice rinks (Le Locle and Delémont) was above 80% in December and
between 60% and 80% in June. The climate and MC were similar in both locations.

The measured MCs in the reference locations overlapped with the plotted sorption
isotherms. The difference between the MC for bridges crossing roads (17.7 M% to 19.1 M%)
and rivers (16.9 M% to 22.1 M%) could not be distinguished, with an average of around
18 M%. The Alpine cable car stations had an MC of around 13 M%; the ice rinks of about
15 M%.

4.3. Measured Annual Climate and Predicted Moisture Content per Region

Figure 11 shows the T, RH, and MC measured in the 12 monitored structures compared
with the measurements from the meteorological stations. The plotted measured annual
MC is representative of the predicted MC. The locations of the monitored structures and
meteorological stations are again separated according to their region, i.e., north of the Alps,
the inner Alps, and south of the Alps. Although data from the monitored structures south
of the Alps were not available, average values measured in the meteorological stations
were nevertheless plotted. In addition to the average values, a trend line was calculated
for the average MC values calculated from the meteorological stations. The R? values of
the predicted (R? pred) and measured (R? meas) MC in relation to the trend line were
added. The standard deviation times two for the difference between the trend and the
meteorological data is also given.
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Figure 10. Comparison of the measured temperature and relative humidity in June and December and the annual average
measured relative humidity and moisture content in the reference locations.
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Figure 11. Comparison of annual average temperatures, relative humidity, and moisture contents for the structures located

in the three different regions (bottom). Parameter m represents altitude.

The trend lines calculated for the MC were used to calculate the MC for different
regions and altitudes above sea level (Table 3). North of the Alps, the average annual MC
at 500 m.a.s.l. was 2 M% higher than in the inner Alps and south of the Alps. The deviation
from this trend was highest in the inner Alps. Furthermore, the dependency of the MC on
altitude (the lapse rate) was positive and highest in the inner Alps. Although dependencies
on altitude are sometimes weak (low R?), a higher average MC can be expected when
structures are higher above sea level. The measurement data show a greater spread than
expected compared to the meteorological data.

Table 3. Summary of predicted moisture content for the three different regions.

Predicted Moisture
Region Content 20 from Trend Line Lapse Rate
at 500 m.a.s.l.
North of the Alps 16.6 M% 2.3 M% 0.47 M% /1000 m
Inner Alps 13.9 M% 3.1 M% 1.20 M% /1000 m
South of the Alps 14.6 M% 1.7 M% 0.43 M% /1000 m

5. Discussion

Figure 11 shows that there was a fair overlap between the measurements made in the
monitored structures and the meteorological stations. Deviations in T were also reflected
in deviations in RH and make sense, i.e., a higher average T results in a lower average RH
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over the year. Distinguishing between the regions where the structures are built makes
sense for the RH and MC only.

The measured MCs of the structures showed a wider spread than those calculated from
the meteorological stations. This was likely due to the building type, building envelope,
local topography, and so on [1,9]. The deviations from the predictions were largest in
the Inner Alps, which can be accounted for by the high topographical variation [5,6,48].
The annual average temperature in the three stations in the Alps was almost constant,
resulting in a low lapse rate and suggesting the presence of strong local conditions. It is
not uncommon that lapse rates vary between seasons and locations. In discussions with
local inhabitants, it was noted that the lowest of these stations is located close to a gorge
over which colder, northerly winds cross. The station located at 1950 m.a.s.l. is further
away, which could, therefore, mean it is less affected by these winds. As it is located higher
above sea level (above the tree line) and on a south slope, it receives more hours of sunlight;
thus, the structure heats up quicker than the one located lower in the valley. The station at
2600 m.a.s.l. was also built on a south slope and is surrounded by rocky soil. The fact that
the structures are oriented on a south slope seems to be beneficial. Unfortunately, the effects
of the north slopes are less well known, as these slopes tend to have fewer meteorological
stations than the south slopes [48].

Conditions within the Alps have demonstrated higher variation in terms of local
topological or climatic effects than north and south of the Alps [5,6,12]. This was also
observed in the standard deviations presented in Table 3.

The use of the classification of biogeographical regions was an advantage, as the
topological boundaries were better considered than through the Geiger and Képpen maps
or the Scheffer Climate Index. Differences could be studied in more detail but validation
with MC measurements over a larger part of the European continent, or beyond, still
needs to be considered. Both methods have a strong relationship with temperature and
precipitation [6,13,14,18]. Their relationship to relative humidity is unknown. The differ-
ences in the expected MC north and south of the Alps—i.e., for humid and dry conditions,
respectively—correlate with the results from previous studies [20,23]. The boundary can
be defined more precisely now, as dry climates were observed in the south and even dryer
climates in the inner Alps. A possible explanation is the rain shadowing caused by the
surrounding mountains [4,5]. On top of regional differences, effects caused by factors
such as building type likely contributed to additional spread in the expected MC in the
load-bearing elements of timber structures. This was reflected in the lower R? values of the
measured MC than those of the predicted MC.

The dependency of RH and MC on altitude differed throughout the year. The expected
lapse rate in the summer was higher than in the winter due to overcast conditions [48].
Structures above 2500 m.a.s.l. at high altitudes experienced relatively dry climates. In
summer, structures located at high altitudes experienced relatively humid climates. Below
1000 m.a.s.l., this relationship was the opposite—i.e., humid in the winter and dry in
the summer.

The expected MC in the inner Alps and south of the Alps at lower altitudes could not
be validated with measurements. This would have contributed to further validation of
the presented measurement data. As for the structures located north of the Alps, moisture
seems to be more of a challenge than for the structures south of the Alps. This is a possible
explanation for the lack of long-term monitoring data in the dry regions.

6. Conclusions

The analysis of the climate data obtained from the meteorological stations across the
country showed that there is a wide range in average RH. As RH affects MC developments,
a wide range of predicted MC throughout the country was also observed. The classification
of meteorological stations into biogeographical regions helped to narrow the spread in
the observed climate, predict MC more accurately, and quantify differences between the
regions. Within the Alps and south of the Alps, the MC was at least 2 M% lower than north
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of the Alps at an altitude of 500 m.a.s.1. In the inner Alps, the MC was almost 3 M% lower
than north of the Alps. The highest local variations were found within the Alps, whilst
variations were small north and south of the Alps.

The average MC for the bridges was around 18 M% and for the ice rinks around 15
M%. Note that these figures concern average values in reference locations and ice rinks are
known to have MC above 20 M% over several months in the winter unless dehumidifiers
are installed [9]. Nevertheless, the average MC overlapped with the expected average MC
of 16.6 M% at 500 m.a.s.l. north of the Alps. The average MC in the cable car stations
was around 13 M%, although the expected MC in the inner Alps at an altitude of 500
m.a.s.l. was 13.9 M% and 15.7 M% at an altitude of 2000 m.a.s.l. The average temperature
measured throughout the year, however, was higher than expected; a strong local effect
would explain this difference.

The analysis of the meteorological data shows that, just like temperature, RH and MC
also have a lapse rate. The annual average lapse rates for MC north and south of the Alps
were below 0.5 M% per 1000 m, which is perhaps irrelevant or negligible. The lapse rate in
the inner Alps was 1.2 M% per 1000 m, but as a result of the 2.7 M% lower average MC at
low altitudes, the MC did not exceed 20 M% at higher altitudes. In terms of the analysis
of local effects on RH and MC, further studies should focus on better understanding the
climate within the inner Alps. From the measurements, we can conclude that building on a
south slope reduces the MC in ventilated timber structures.

The dependency of relative humidity and MC on altitude differs, however, throughout
the year. The expected lapse rate in autumn is sometimes inverted by overcast. Structures
above 2500 m.a.s.l. at high altitudes experience relatively dry climates. In summer, struc-
tures located at high altitudes experience relatively humid climates. Below 1000 m.a.s.L,
this relation is inverted, i.e., it is humid in winter and dry in summer.

As mentioned in Section 2.5, the electrical resistance method is unreliable when used
below 0 °C. As a result of the relationship between average temperatures and altitude, the
sorption method is recommended over the electric resistance method for measuring MC at
altitudes above 1500 m.a.s.1.
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