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Abstract

The energy performance of buildings has undergone major developments over the last few years. Due to increasingly
demanding regulations, new technologies and constructive solutions have been sought to make buildings more energy
efficient. Autoclaved aerated concrete (AAC) is a sustainable building material that provides a suitable solution to this
problem. However, the hygrothermal behavior of AAC masonry walls is the subject of little discussion throughout the
scientific community. The paper focuses on identifying the influence of climatic conditions, as well as the effect of surface
layers or insulation systems on the hygrothermal performance of exterior walls made of AAC. For the purpose of this study,
several constructive solutions were analyzed in different climatic settings, namely Munich, Germany; Stockholm, Sweden;
and San Francisco, U. S. A. The effects of applying different types of render/plaster layers or external thermal insulation
system on AAC walls was also determined using hygrothermal software. In addition, the damage potential of frost and
rainwater were assessed to better comprehend how these walls behave. The results showed that the overall performance of
AAC wall systems and frost damage potential was found to be greatly influenced by the hygric properties of the exterior
render. Additionally, it was shown that calculating the thermal transmittance in steady-state conditions can lead to gross
underestimations compared to transient models. The results indicate that the EPS and XPS insulated walls were susceptible

to moisture increase, due to rainwater leakage, unlike the MW insulated wall, which dried significantly faster.

Keywords: Computational simulation, Autoclaved aerated concrete, Thermal transmittance, Hygrothermal performance,

Frost damage.



1. Introduction

Autoclaved aerated concrete (AAC) is a lightweight building material commonly used in Europe, known for its thermal
insulation and acoustic absorption properties. This concrete is composed of Portland cement, lime, sand or fly ash, and
aluminum powder. One key characteristic of AAC is its hygric properties, which are highly dependent on water content due
to its highly porous media [1]. As a result, high water content values can significantly decrease the thermal performance of

AAC, which may justify why its application has been met with such a varying rate of success throughout the world [2,3].

The hygrothermal performance of AAC masonry walls has been previously investigated. For instance, Koéi et al. [4]
performed a computational analysis focused on potential frost damage, aimed at increasing the service life of exterior
thermal insulation systems suitable for AAC building envelopes in cold regions. Jerman et al. [3] studied the hygric and
thermal properties of three commercially produced AAC products with different bulk densities and compressive strengths,
as well as their basic characteristics and durability. The results showed that the thermal conductivity of AAC could be as

much as six times higher in a state of capillary water saturation compared to dry conditions.

Additionally, Drochytka et al. [5] studied the hygrothermal performance of AAC blocks made from fly ash, as opposed to
sand-based material. The fly ash-based AAC demonstrated slightly larger moisture sorption; however, its thermal
conductivity was found to be less moisture dependent. Further, Qiu et al. [6] analyzed moisture transport across bonded
and natural contact interfaces between AAC and mortar. The results showed that, for both interfaces, the assumption of a
perfect hydraulic contact may result in significant errors when predicting moisture transport. More recently, Kiinzel [7]
investigated driving rain protection of AAC walls by focusing his research on the hygric parameters of the exterior render.
The results showed that the exterior surface layer should include specific limits for water absorption and diffusion

resistance, and that these properties should not degrade with time.

Fully understanding the hygrothermal performance of AAC is crucial for designers and manufacturers, in order to avoid
misinterpretation of the design data. The aim of this paper is to analyze the influence of climatic conditions on the
hygrothermal performance of AAC wall envelopes. The performed analyses were based on the variation of hygrothermal

parameters, namely water content, heat flux, moisture flux, thermal conductivity, and potential frost damage.

This paper analyses the influence each layer has on the hygrothermal performance of the AAC block. Masonry walls consist
of a series of layers that comprise the entire wall assembly. In order to meet strict building regulations, understanding how
each individual material affects the hygrothermal performance of the overall wall is necessary. Hence, simulations were
first carried out for an AAC masonry wall without any coatings. Afterwards, the hygrothermal changes associated with the

application of plaster and render layers were identified, followed by the application of an ETICS.

To assess different climatic conditions, three locations with distinct characteristics were chosen for this study: San
Francisco, U. S. A. has mild winters, fairly cool summers, and moderate precipitation. Stockholm, Sweden has warm
summers, cold winters, and moderate precipitation. Lastly, Munich, Germany has low annual average temperatures and
high precipitation all year round. The interior climate was defined through sine curve parameters for residential buildings

with medium moisture loads, which adequately represents the majority of the residential building stock for these regions.



The selected walls assemblies were tested in WUFI® [8], which is a hygrothermal simulation software widely accepted by
the scientific community, as it has been validated by numerous independent studies and used in several studies, as well. For
example, Villman et al. [9] showed that the moisture transport models, which include both vapor and liquid transport for
drying in cement mortars, yielded results with sufficient accuracy for practical applications. Alev et al. [10] validated the
simulation model for test walls based on measured results. Temperature, relative humidity, and heat flux showed good
agreement between measured and calculated results. Nascimento et al. [11] analyzed the wind driven rain (WDR) incidence
parameters obtained by hygrothermal simulation, presenting a methodology for obtaining the most critical orientation in
hygrothermal design. Coelho and Henriques [12] analyzed the influence of WDR on the hygrothermal performance of solid
brick walls and corroborated the notion that WDR is one of the main sources of moisture in high capillary water uptake
walls. Ramos et al. [13] investigated the risk of interstitial condensation and provided a methodology to account for this
phenomenon in hygrothermal design. Additionally, this software complies with the benchmark test defined by the European
Standard EN 15026 [14]. The governing equations that WUFI uses to determine the heat and moisture transfer are coupled

through two variables, temperature and relative humidity, from which all other variables can be derived [15].

Damage functions are commonly used in hygrothermal simulations in order to assess the severity of environmental loads
in a given region, thus, allowing a comparison between the effectiveness of different constructive solutions. Although frost
damage is a difficult physical mechanism to quantify [16], several damage functions have been developed which allow a
relative assessment of this phenomenon, namely the number of critical freeze-thaw cycles, Time-of-Frost, and the Amount-
of-Frozen-Water [17]. In this paper, the authors focused the analysis on a point in the AAC layer, 2 mm under its exterior
surface, which is considered a characteristic position for frost damage to occur [18]. Additionally, frost damage is
considered likely to occur when moisture content is over the hygroscopic range, which is adequate for hygrothermal

simulations [19].

Thermal conductivity is a fundamental parameter to characterize the hygrothermal performance of a constructive solution,
given that a higher thermal transmittance corresponds to a higher heat flux density and, thus, greater heat losses. In porous
building materials, thermal conductivity is highly dependent on water content and changes according to ambient conditions
[12]. In general, a steady-state analysis is useful when the temperature of the material does not change with time. However,
for the purpose of building physics, this simplified model may lead to unrealistic results due to the varying effects of

prevailing winds and solar radiation. In the present paper, this variance was also investigated.

The research developed in this paper was undertaken to determine the effect, for each layer, of the wall assembly on the
hygrothermal performance of the wall system, as well as the importance of climatic conditions. Consequently, an analysis
was developed for various wall systems, comprised of different rendering materials, as well as the application of an external
thermal insulation system. The importance of climatic conditions was determined by simulating the models on three
different climate settings with very distinct characteristics, namely Munich, Germany; Stockholm, Sweden; and San

Francisco, U. S. A.



2. Methodology

The methodology presented here describes the procedures used to analyze the influence of climatic conditions on the

hygrothermal performance of AAC wall envelopes and to identify the importance of each layer of the wall assembly.

A masonry wall system must allow for proper control of moisture, vapor, and heat transmission, and the hygrothermal

performance of each layer of the wall assembly plays a significant role. This analysis is structured into four main phases.

i.  First, an analysis was developed for an unrendered AAC masonry wall, in order to determine the importance of
wall thickness and orientation as a function of climatic conditions. This was achieved by simulating different wall
assemblies, varying only the AAC layer thickness and facade orientation. To represent the typical constructive
solutions employed in the studied regions, the AAC block thicknesses considered were 200, 240, 300, and 365 mm,
as seen in Figure 1. Frost damage potential was also analyzed in Munich and Stockholm. In this phase, the 200 mm
AAC wall with the most critical orientation in each climate was chosen for further assessment [20], designated as

the standard case.

ii.  The hygrothermal changes imposed by the application of a plaster and render layer were investigated. Lime, lime-
cement, and cement renders were considered on the exterior surface, while gypsum plaster was considered on the
interior surface. The hygrothermal changes caused by the application of the aforementioned layers were analyzed
relative to the unrendered AAC wall (i.e. standard case). Additionally, different render thicknesses were considered,
in order to identify the hygrothermal changes associated with the increase of thickness, specifically 5, 15, and 30

mm.

iii.  The hygrothermal changes imposed by the application of an ETICS were investigated. The simulations were carried
out for three insulation materials commonly used in this type of systems: mineral wool (MW), expanded polystyrene
(EPS), and extruded polystyrene (XPS). Insulation layer thicknesses of 20, 100, and 200 mm were investigated
with a 1.5 mm resin finish coat on the exterior surface, which is representative of the current construction practice

in the studied regions [21-23].

iv.  Lastly, the importance of rainwater leakage on the water content of AAC masonry walls was investigated. Different
rainwater leakage values were investigated: 0 % of the wind-driven rain, assuming a perfectly watertight system,
without any cracks or gaps; 1 %, the default value according to ANSI/ASHRAE Standard 160 [24]; 3 %; and 5 %,

assuming a worst-case scenario [25].
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Figure 1. Simulated wall assemblies.

The results obtained from WUFI® [8] were compared against the results from Delphin [26] for the same climate and wall
assembly. The obtained results presented a similar trend in terms of water content annual variance, validating the WUFI

results.
2.1  Thermal and hygric parameters

Thermal conductivity is a fundamental parameter used to characterize the hygrothermal behavior of porous building
materials. However, its measurement is complex due to a large dependency on several factors. WUFI calculates the

moisture-dependent thermal conductivity of mineral building materials through the following equation [15]:

w
Aw) = 1 (1 +b -p—) (1)

S

where A 1is the thermal conductivity of the moist building material in W/(m K), A is the thermal conductivity of dry building
material in W/(m K), b is the thermal conductivity supplement in %/(M.-%) (as defined by Kiinzel in Ref. [15]), w is the
water content in kg/m?, and p, is the bulk density of the dry building material in kg/m?. Thermal transmittance of the wall
(i.e. U-value) was calculated from moisture-dependent thermal conductivity, and all the simulations were run for a period
of 5 years, in order to achieve a state of dynamic equilibrium. As such, the U-values presented in this research refer to the

last year of the simulation period.

Water vapor transport through porous building materials is obtained through Fick’s law of diffusion, where vapor pressure
is the main driving gradient. Given that there is greater resistance to vapor diffusion in porous media compared to an air
layer, a water vapor diffusion resistance factor has to be taken into account, characteristic of each building material [15].

As a result, the diffusion flux density is obtained through the following equation:

6p,a . apv Q)
U Ox

v = —

where g, is the water diffusion flux density in kg/(m?s), J,. is the water vapor permeability in the air in kg/(m s Pa), p is

the water vapor diffusion resistance factor (adim.), and p, is the water vapor partial pressure in Pa.

The liquid transport coefficient for a given construction material can be obtained experimentally and is governed by the
following equation:
M; — M
A=—2>2 3)
S+t
where A is the liquid transport coefficient in kg/(m? s?), M; — M, describes the difference in mass in kg, S is the surface
area in m?, and ¢ is time in seconds. It should be noted that moisture transport in the interface between two capillary-active
materials is considered perfect in WUFI [8]. In reality, however, there may be transfer resistance, which reduces moisture

transport [27].



2.2 Damage functions

When the temperature drops below the freezing point, ice formation occurs with an inherent volume increase that may cause
damage to the porous structure of the material if its pores are near saturation. Under these circumstances, there is no capillary
suction, and the vapor transport is hindered when at least 60% of the pores are filled [15]. The effects of freeze-thaw cycles
can cause damage to the exposed surface, depending on the pore structure and tensile strength of the material. According
to Straube [20], the two factors that influence frost damage most are the water content on freezing and the number of freeze-

thaw cycles.

In this paper, the authors focused the analysis on a point in the AAC layer, 2 mm under its exterior surface, which is
considered a characteristic position for frost damage to occur [18]. Additionally, frost damage is considered likely when

moisture content is over the hygroscopic range, which is adequate for hygrothermal simulations [19].

The number of critical freeze-thaw cycles represents the number of cycles that occur while the water content is over the
hygroscopic range. In this paper, it was assumed that, for a valid freeze-thaw cycle to occur, the freezing must take at least
2 hours, while two consecutive freeze-thaw cycles must be separated by a thawing period of at least 2 hours [17]. Critical
freezing occurs when temperature drops below 0 °C and the moisture content is over the hygroscopic range for AAC (i.e.

36.8 kg/m?).

Time-of-Frost (TOF) is a damage function developed by Koci et al. [17] that calculates the number of hours a year the
conditions for ice formation are favorable. This damage function assesses the severity of a climate with respect to frost

damage. TOF can be expressed in hours or by a percentage of the year:

8760
TOF = z (T, < T, Aw; > w,) )
i=1
where T; is the hourly value of temperature in °C, 77 is the critical temperature in °C, w; is the hourly value of water content
in kg/m?, and wy is the critical water content in kg/m?. The critical temperature (7;) depends on the pore size distribution of
the analyzed material and the possible concentration of soluble salts [8]. However, in WUFI, it is not possible to take these
factors into account. Hence, as a simplification, a critical temperature of 0 °C was assumed, which allows for a safer

assessment of the results given that, in reality, ice formations occurs for slightly lower temperatures.

The Amount-of-Frozen-Water (AFW) [17] calculates the amount of liquid water retained in the investigated point under
the critical temperature during the year. This function assumes that when the temperature drops below the freezing point,
any liquid water present in the material accounts for ice formation. Although, this is not physically true because there is

still some liquid water in the smaller pores. This function allows for a relative assessment:

8760
AFW = 2 w;(T; < Ty Aw; > wy) ®)

=1



where T; is the hourly value of temperature in °C, T} is the critical temperature in °C, w; is the hourly value of water content

in kg/m?, and wy, is the critical water content in kg/m?>.
2.3 Simulation settings

In order to perform the selected simulations, the building materials presented in Table 1 were used to constitute the selected
wall assemblies. These materials were characterized by Fraunhofer IBP and MASAE. Lime mortar and cement mortar were
selected for this study because they allowed us to analyze a wide range of mortars, since their hygric characteristics are
very far from each other (for instance, the water absorption coefficient of lime mortar is 47 times higher than the water

absorption coefficient of cement mortar).

In order to account for rainwater leakage in the ETICS simulations, a moisture source was introduced into the substrate
layer, between the insulation material and AAC block [23]. The moisture source was set to 1 % of the wind-driven rain

incident on the exterior surface, in accordance with ANSI/ASHRAE Standard 160 [24].

The exterior heat resistance was considered wind dependent. The short-wave radiation absorptivity varies according to the
material of the exterior surface (0.65 for AAC and 0.40 for all other materials considered of normal brightness). A ground
short-wave reflectivity standard value of 0.2 was adopted. The adhering fraction of rain was set to 0.7, which is adequate
for most vertical walls [8]. The heat resistance of the interior surface was set to the standard value of 0.125 m? K/W. All

simulations were run until a state of dynamic equilibrium was reached; thus, a time period of 5 years was sufficient.

Table 1. Properties of the materials analyzed in the present paper (data taken from WUFI’s database [8]).

Water vapor

Water Thermal
diffusion
Bulk density Porosity absorption conductivity, _
Material resistance
coefficient Dry
factor
[kg/m3] [m3/m?3] [kg/m? %] [W/m K] [-]
AAC block 400 0.81 0.056 0.100 7.9
Lime 1600 0.30 0.047 0.700 7.0
Lime-cement 1900 0.24 0.017 0.800 19.0
Cement 1436 0.42 0.001 0.608 25.0
Resin finish 1100 0.12 0.001 0.700 1000.0
Gypsum
850 0.65 0.287 0.200 8.3
plaster
MW 60 0.95 — 0.040 1.3
EPS 15 0.95 — 0.040 30.0
XPS 40 0.95 — 0.030 100.0

The boundary conditions for the exterior surface are defined from the climate files available in the WUFI database for



Munich, Germany; Stockholm, Sweden; and San Francisco, U. S. A.

The Koppen climate classification is one of the most widely used climate classification systems [28]. It was first published
by Wladimir Kdppen in 1884 and has been updated throughout the years by many other authors. The Koppen-Geiger
classification divides climates into five main climate groups, represented by the first letter: A (equatorial), B (arid), C (warm
temperate), D (snow), and E (polar). The second letter represents the precipitation: W (desert), S (steppe), f (fully humid),
s (summer dry), w (winter dry), and m (monsoonal). Lastly, the third letter represents the temperature: h (hot arid), k (cold
arid), a (hot summer), b (warm summer), ¢ (cool summer), d (extremely continental), F (polar frost), and T (polar tundra).

For example, a climate classified as Cfa is considered to be a warm temperate climate, fully humid with hot summers.

Munich is classified as Cfb (warm temperate, fully humid with warm summers), characterized by cold winters with no dry
season, warm summers, and heavy precipitation all year round. Stockholm has warm summers, severe winters, no dry
season, and a strong seasonality with a Koppen-Geiger classification of Dfb (snow, fully humid with warm summer). Lastly,
San Francisco has mild winters, dry summers, and moderate seasonality. It is classified as Csb (warm temperate, summer
dry with cool summer). The wind-driven rain and solar radiation distribution for each of these three climates is provided in

Figure 2 and Figure 3.

In the scope of this paper, it was necessary that the interior climate conditions remained the same for all the simulations, so
the only variables were the exterior climate settings [12]. For this reason, the interior boundary conditions were defined

using sine curve parameters for residential buildings with medium moisture loads. These values are available in Table 2.

Driving Rain Sum [mm/a]

Munich Stockholm San Francisco

Figure 2. Wind-driven rain directional distribution (mm/a) in Munich, Stockholm, and San Francisco (data taken from WUFI’s climate analysis [8]).



Sun Radiation Sum [KWh/m?a]

Munich Stockholm San Francisco

1,083
1883
1.783
1684
1584
1,484
1,385
1,285

X4 %o
1.185 ‘7.-1&\ | e vt 2

1,086

o8 “ "‘b‘.
o SEY

787
687
587
488

Figure 3. Solar radiation directional distribution (kWh/m?a) in Munich, Stockholm, and San Francisco (data taken from WUFI’s climate analysis
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Table 2. Temperature and relative humidity for the simulated climates.

San Indoor
Outdoor climate Munich  Stockholm
Francisco climate
Min. -17.9 -18.6 1.1 20.0
Temperature
°Cl Max. 30.6 294 37.2 22.0
Mean 8.0 6.8 12.6 21.0
Relative Min. 21.0 22.0 15.0 40.0
humidity Max. 100.0 99.0 100.0 60.0
[%] Mean 78.2 78.6 73.7 50.0

3. Results and discussion
3.1 Uncoated AAC wall

3.1.1 Orientation

The water content of AAC masonry walls should be carefully monitored, as it impairs thermal performance and accelerates
ageing and degradation [23]. When exposed to the natural climate without any rain protection measures, the moisture
equilibrium is governed by alternating events of rain and sunshine [29]. Figure 4 shows the annual average water content
in each climate as a function of facade orientation. It can be seen, for each climate, that the facade with the highest wind-
driven rain load also reaches the highest annual average water content: west in Munich, southeast in Stockholm, and
southwest in San Francisco. This further corroborates the notion that wind-driven rain is one of the main sources of moisture

in high capillary uptake walls, such as AAC masonry walls.

However, solar radiation also plays a significant role, since it affects the drying potential of the fagade. Figure 5 shows the
variation of water content for the northwestern- and southwestern-oriented facades in Munich. Even though both cases are

subjected to a similar amount of wind-driven rain (ca. 180 I/m?y), the variation of water content is quite different. The
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southwestern-oriented facade reaches the lowest values overall. This behavior is due to the higher amount of solar radiation
on the southern direction (see Figure 3), which leads to a higher average surface temperature and, thus, a faster drying
process. Therefore, for similar wind-driven rain loads, solar radiation becomes a predominant factor on the hygric behavior

of the masonry wall. Henceforward, the facade with the highest wind-driven rain load in each climate was chosen for further

assessment and designated as the standard case.

Munich Stockholm San Francisco

Figure 4. Annual average water content (kg/m?) as a function of wall orientation.
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Figure 5. Variation of water content for the western (blue), northwestern (green), and southwestern (red) facades in Munich.

3.1.2 Comparison between the three climates

Exterior masonry walls are subjected to cycles with a wetting phase (increase of water content) and drying phase (decrease
of water content). The duration of these cycles depends, not only on the wall assembly, but also the boundary conditions
[12]. Figure 6a, b, and c display the variation of water content as a function of wall thickness in each of the three studied
climates. In Munich, the wetting phase occurs from the middle of August to the middle of January. In Stockholm, the

wetting phase occurs from middle of September to the beginning of January. In San Francisco, the wetting phase occurs

from the beginning of November to the end of March.

The results show that an increase in wall thickness leads to higher water content values, as well as a generally slower drying

processes, due to the increased water vapor diffusion equivalent air layer thickness (Sq¢-value). As expected, in Munich,

11



Water content [kg/m?]

Water content [kg/m?]

wall thickness has a more significant effect on the water content values attained, due to the higher wind-driven rain loads.

Conversely, the values attained in Stockholm are generally higher than San Francisco (see Figure 6d), even though both
climates have similar wind-driven rain loads. This behavior is due to two main factors: firstly, the higher amount of solar
radiation in San Francisco, as well as the exterior air temperature, which results in an enhanced drying potential; secondly,
in San Francisco, the exterior air temperature never drops below the freezing point, unlike Stockholm (see Table 2). Under

these conditions, wind-driven rain is no longer responsible for an increase of water content, since there is no capillary

suction below 0 °C [15].
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Figure 6. Variation of water content as a function of wall thickness in Munich (a), San Francisco (b), and Stockholm (c) and variation of water
content for the standard case (0.2 m block) in the three studied climates (d).
Table 3 shows the thermal transmittance variance between the steady-state and transient state models for the standard case
(i.e. 200 mm). The results indicate that calculating the thermal transmittance in steady-state conditions can lead to gross
underestimations of the transient value. The difference in thermal transmittance is highest in Munich during the wetting
phase (31.6 %) and lowest in San Francisco during the drying phase (4.6 %). This difference is lower if you consider the

thermal resistance (23.9 % in Munich and 4.4 % in San Francisco). This behavior is understandable if equation (1) is taken

12



into account, due to the water content values achieved in these climates. These results further support the notion that the

thermal conductivity of AAC is highly moisture dependent.

Table 3. Thermal transmittance variance for the standard case (i.e. 200 mm) in Munich, Stockholm, and San Francisco.

Uwurr Annual Wetting Phase Drying Phase
Case [W/m?K] Ua[W/m?K] Relationship Uw[W/m?K] Relationship Up[W/m?K] Relationship
Munich 0.586 27.9% 0.602 31.4% 0.574 25.3%
Stockholm 0.458 0.514 12.2% 0.550 20.1% 0.492 7.4%
San Francisco 0.487 6.3% 0.499 9.0% 0.479 4.6%

3.1.3 Frost damage potential on the AAC layer

In San Francisco, the exterior air temperature does not drop below the freezing point, and thus, no ice formation occurs in
the AAC layer. Figure 7 displays the total and critical number of freeze-thaw cycles as a function of orientation in Munich
and Stockholm. The results show that orientation has a significant influence on the critical number of freeze-thaw cycles,
given that the fagade with the highest wind-driven rain load also reaches the highest number of critical cycles (i.e. western

facade in Munich and southeastern fagade in Stockholm).

Furthermore, according to the frost indexes (Time-of-Frost and Amount-of-Frozen-Water), these cases are also the most
susceptible to frost damage (Table 4), which is indicative of the influence wind-driven rain has on potential frost damage.
However, solar radiation also plays a significant role. When analyzing the total number of freeze-thaw cycles that occur,
the southern facades show a higher number of cycles relative to the northern facades. This behavior is due to the higher
amount of solar radiation on the southern facades (see Figure 3), leading to a more pronounced variation of the exterior

surface temperature and, thus, the number of zero crossings on the Celsius scale (Figure 8).

Munich Stockholm

—— Total number of freeze-thaw cycles
—— Critical number of freeze-thaw cycles

Figure 7. Total (green) and critical number (blue) of freeze-thaw cycles as a function of wall orientation.
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Figure 8. Variation of exterior surface temperature for the north- (blue) and south- (red) oriented facades in Munich from the 17% to the 20t of

December.

Table 4. Frost damage analysis in Munich and Stockholm.

Amount of
Freeze-thaw  Time of Wind-driven
Frozen .
Climate Orientation cycles Frost rain
Water
[-] [h] [kg/m’] [/m?a]
West 60 841 40 738 232.8
Munich Southwest 8 80 3136 180.4
Northwest 5 76 3134 180.2
Southwest 9 297 13 447 72.9
Stockholm
South 8 283 12 157 68.1

3.2 Changes imposed by the application of the render and plaster layer

3.2.1 Render material

Figure 9a, b, and ¢ show the water content variation for an AAC wall with interior gypsum plaster and three different
exterior renders: lime, lime-cement, and cement renders. In order to identify the changes imposed by the application of the

aforementioned layers, an unrendered AAC wall is also represented, i.e. the standard case. The average annual water content

for each study case can be seen in Table 5.

In Munich, the results show that the lime and lime-cement rendered walls exhibit higher water contents relative to the
standard case. In Stockholm and San Francisco, the application of a lime render causes a slight increase in water content,

whereas the lime-cement render causes a slight decrease. The cement rendered walls show a significant decrease in water

content in all studied climates.
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Table 5. The AAC layer’s average annual water content for the three selected climates.

Munich San Francisco Stockholm
Render material Water content Water content Water content
Relationship Relationship Relationship
[kg/m’] [kg/m?] [kg/m?*]
Standard case 31.9 - 7.7 - 13.4 -
Lime 39.8 24.8% 8.8 14.9% 14.7 9.5%

Lime-cement 449 40.9% 7.0 -8.9% 12.0 -10.7%

Cement 5.0 -84.2% 4.1 -47.2% 5.2 -61.6%

In order to understand the increase in water content for the lime and lime-cement rendered walls in Munich, these cases
were further analyzed during the first two years of the simulation period (Figure 9d). According to the results, these renders
seem to perform adequately during the first couple of months of the simulation period, given that there is a general decrease
in water content. This is due to the lower water absorption coefficient of these renders relative to the AAC block (see Table

1), resulting in a lower liquid flux towards the interior of the wall.

However, there is also an accumulation of moisture as the simulation period occurs, eventually surpassing the water content
values attained in the standard case. This behavior can be attributed to two main factors. Firstly, application of the render
and plaster layers leads to an increase of the water vapor diffusion equivalent air layer thickness (Sq¢-value), and as a result,
the moisture inside the building material has greater difficulty evaporating through both faces of the constructive element.
Secondly, the liquid transport coefficient is highly influenced by the amount of moisture inside the building components
[15].Therefore, higher water content values lead to a greater liquid flux density towards the constructive elements. On the
other hand, the cement render causes such a significant reduction of the liquid transport coefficient of the exterior surface
that the increase of the vapor diffusion resistance has hardly any influence on the drying potential of the wall (Figure 9a, b,

and c).
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Figure 9. Variation of water content for each study case in Munich (a), San Francisco (b), Stockholm (c) for the standard case (blue), lime (red),
lime-cement (green), and cement (yellow) rendered walls during the reference year and the variation of water content for the lime and lime-cement

rendered walls in Munich during the first two years of simulation (d).

The influence of render thickness on water content was also analyzed. The results showed that an increase in render
thickness leads to a lower variation of water content, due to the increased vapor diffusion resistance and reduced drying

potential of the masonry wall. However, the difference in water content for the lime rendered and cement rendered walls

was negligible, unlike the lime-cement rendered wall (see Figure 10).

The lime render has a relatively low water vapor diffusion resistance factor (i.e. 7), so the drying potential of the wall was
not significantly affected by the thickness of the exterior render. The cement render has the highest water vapor diffusion
resistance factor (i.e. 25); however, it also has the lowest liquid transport coefficient (see Table 1). As a result, the exterior
liquid flux is greatly reduced, and the water content values achieved are minimal. Conversely, the thickness of the lime-
cement render was shown to have a significant influence on water content, due to its relatively high water vapor diffusion

resistance factor (i.e. 19), which coupled with the high water content values achieved, greatly affecting the drying potential
of the masonry wall.

—0,5mm — L5mm 3.0mm
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Time [months]

Figure 10. Variation of water content as a function of render thickness in Munich for the lime-cement rendered wall.

Figure 11 shows the annual variation of thermal transmittance for each study case in Munich. The cement render leads to a
significant reduction of thermal transmittance, whereas the lime and lime-cement renders cause a slight increase. As shown,

the application of these renders causes an increase in water content due to the reduced drying potential of the wall. If the
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AAC layer reaches high water content values, due to inadequate performance of the exterior render, then, the thermal
transmittance of the wall assembly can be significantly impaired. In this context, the properties of the exterior render greatly

influence the thermal transmittance of the AAC masonry wall, namely the liquid transport coefficient and water vapor

diffusion resistance factor.
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Figure 11. Variation of thermal transmittance for each study case in Munich.

322 Frost damage potential on the rendered AAC layer

Table 6 shows the results for potential frost damage on the AAC layer after the application of plaster and render in Munich.
The results show that the cement render completely eliminates the occurrence of critical freeze-thaw cycles in the AAC
layer, due to the low water content values achieved, which consistently stay below the capillary region. As a result, ice

formation no longer causes damage to the pore structure of the AAC.

On the other hand, the lime and the lime-cement renders only cause a slight reduction of two critical freeze-thaw cycles,
down to a total of 58 cycles per year. Although this behavior may seem satisfactory at first, the TOF and AFW damage
functions show that the occurrence of these cycles are more damaging to the AAC layer, due the higher water content values

achieved, which may lead to faster degradation of the material.

As shown before, the lime and lime-cement renders are responsible for an increase of water content in the AAC layer due
to their inability to adequately protect the masonry against moisture entry, unlike the cement render (Figure 9). As a result,
ice formation occurs in the AAC layer when its pores are closer to saturation, leading to a greater frost damage potential.

In Stockholm, the application of a plaster and render layer eliminated the occurrence of critical freeze-thaw cycles.

Table 6. Frost damage analysis for a rendered AAC wall in Munich.

Critical ) Amount of
Time of

freeze-thaw Frozen
Study case cycles Frost Water
[-] [h] [kg/m’]
Standard case 60 841 40 738
Lime 58 1026 49 616
Lime-cement 58 984 50 817
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Cement 0 0 0

3.3  Changes imposed by the application of an ETICS system
3.3.1 Rainwater leakage

Moisture control in building components has always been a priority due to the numerous anomalies that can arise from
rainwater leakage. The recent evolution in numerical simulation software to model the hygrothermal behavior of
constructive solutions has sparked a renewed interest in the water tightness of masonry walls. Unfortunately, most

hygrothermal models assume a perfectly assembled wall system, without any cracks or gaps that would allow for unforeseen

moisture entry [23].

In order to identify the changes in water content resulting from rainwater leakage in AAC masonry walls, a comparison
between three ETICS systems was carried out (i.e. MW, EPS, and XPS). Different rainwater leakage values were analyzed:
0% of wind-driven rain, assuming a perfectly watertight system without any cracks or gaps; 1 %, the default value according

to ANSI/ASHRAE Standard 160; 3 %; and 5 %, assuming a worst-case scenario [25].

Figure 12 shows the variation of water content for each study case (MW, EPS, and XPS) as a function of rainwater leakage
in Munich. The results show rainwater leakage has minimal influence on the water content of the MW insulated wall,
contrary to the EPS and XPS systems. This behavior is due to the lower water vapor diffusion resistance factor of MW,
resulting in a higher vapor transport towards the exterior. For this reason, the MW insulated wall dries significantly faster
than the EPS and XPS insulated walls. The same results were attained in Stockholm and San Francisco, differing only in

magnitude, due to the lower wind-driven rain loads.
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Figure 12. Variation of water content as a function of rainwater leakage for the MW, EPS, and XPS insulated walls in Munich.

3.3.2 Insulation material

Figure 13a, b, and ¢ display the variation of water content as a function of insulation material in Munich, San Francisco,
and Stockholm. According to the results, the insulation material has minimal influence on water content. However, the MW

insulated wall reaches the lowest values, overall, followed by the EPS and XPS systems. This behavior is due to the lower
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water vapor diffusion resistance factor of the MW insulation, resulting in a higher vapor diffusion flux towards the exterior

and, thus, an enhanced drying potential.

It is also possible to conclude that the application of an ETICS system causes a gap between the previous drying and wetting
phases, since water content is no longer influenced by periods of precipitation but by the interior relative humidity, instead.
The reason for this behavior can be attributed to two main factors. Firstly, the insulation materials simulated are non-
hygroscopic materials, and thus, they form a natural barrier to moisture entry [15]. Secondly, the reduced liquid transport
coefficient of the exterior resin finish, coupled with its high water vapor diffusion resistance factor (see Table 1),
substantially reduces moisture flux towards the interior of the constructive element. The combination of these factors
significantly reduces the amount of moisture that results from wind-driven rain, even when considering rainwater leakage

through the ETICS system. Under these circumstances, the water content of the AAC layer is now primarily influenced by

the interior relative humidity.
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Figure 13. Variation of water content in the AAC layer for the MW (blue), EPS (red), and XPS (green) ETICS in Munich (a), San Francisco (b), and
Stockholm (c).

4. Conclusions

The work presented herein aimed at identifying the influence of climatic conditions on the hygrothermal performance of

AAC wall systems. This was achieved by simulating several constructive solutions on different climatic settings, from
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which the main conclusions are summarized, as follows:

The hygric properties of the exterior render significantly influence the overall hygrothermal performance of AAC
masonry walls. However, the importance of these properties varies according to climatic conditions. In Munich,
the application of a lime-cement render led to a significant increase in water content (41 %), whereas in Stockholm

and San Francisco, it led to a slight decrease (11 % and 9 %, respectively).

The results showed that calculating the thermal transmittance of AAC masonry walls in steady-state conditions can
lead to gross underestimations compared to transient models. Moreover, thermal transmittance of the masonry was
found to be greatly influenced by the hygrothermal properties of the exterior render, namely the water absorption

coefficient and water vapor diffusion resistance.

When analyzing the AAC masonry from the point-of-view of possible frost damage, wind-driven rain assumes a
critical role. Additionally, the severity of frost damage on the AAC block was found to be significantly dependent
on the orientation of the facade. The number of critical freeze-thaw cycles was also shown to be influenced by solar

radiation, given that there was typically a higher number of cycles for the south-oriented facades.
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