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Abstract: Basements are integral to contemporary building design, serving as foundational structures
with diverse functions in residential and commercial constructions. The utilization of wood as a
natural, economical, and CO, storage material for basement construction significantly influences the
future of construction, necessitating established concepts to guarantee sustainability, and foremost,
avoid possible damages induced by moisture intrusion. This paper explores the hygrothermal
performance of a wooden basement when subjected to severe indoor and outdoor climates and in
the absence of pressuring groundwater. Using both 1D and 2D numerical simulations, this study
conducts risk analyses for several cases to evaluate how the wooden basement behaves under critical
conditions, such as moisture accumulation in the assembly due to air convection through a gap in
the insulation layer, air leakage through the waterproofing membrane, and high-vapor pressure
caused by the high moisture load in the indoor space. The thresholds are determined for the initial
wood moisture and indoor relative humidity, under which supports are given for the use of wooden
elements in the basement structures, exhibiting satisfactory performance and avoiding wood decay in
the construction. Additionally, the impact of the waterproofing membrane on avoiding wood decay
in the assembly is highlighted.

Keywords: wooden basement; hygrothermal analysis; numerical simulations; critical conditions;
sustainable constructions

1. Introduction

A common structure type that has been used in both residential and public buildings
is the basement, which serves as a partition between the indoor atmosphere and the
encompassing soil. In the past, due to the cool summer and mild winter conditions,
basements held significant value for the storage of food, supplies, and other perishable
goods. However, the function and design of basements have considerably evolved in recent
years. Today, with population growth and advancements in construction techniques, there
is a growing interest in utilizing basement spaces much like the rest of the household.

Several aspects, including structural integrity, energy efficiency, moisture distribution,
and waterproofing, should be considered when investigating a building intended as a living
space [1]. Particularly in a basement structure, the latter two aspects need to be evaluated to
detect signs of moisture infiltration and assess the effectiveness of waterproofing measures
to prevent moisture damage and mold growth. These assessments are parts of hygrothermal
analysis and strongly depend on the layers used in the structure. Among different materials,
concrete has been a popular choice for basement construction due to its durability, load-
bearing capacity, and moisture resistance [2]. Nevertheless, the substantial carbon footprint
associated with concrete poses a significant environmental concern [3,4]. To address
this issue, it is imperative to seek alternatives that are sustainable and environmentally
friendly. Among the available options, wood emerges as a promising choice due to its
renewability, low carbon footprint, environmental sustainability, and aesthetic appeal.
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Wooden structures offer versatility and superior insulation properties, making them well-
suited for various applications, including basement construction. Despite these advantages,
however, designing and constructing wooden basements present unique challenges such as
moisture accumulation, which can lead to decay, mold growth, and compromised structural
integrity [5].

Several studies have investigated both the thermal and hygrothermal performances of
concrete basements [6-9]. A summary of the literature reviewed in these fields is provided
in Table 1 and the most recent publications are described in the following. Fedorik et al. [10]
numerically simulated the hygrothermal performance of concrete basement walls built
in different decades. The results showed that using capillary-active materials to enable
inward drying is an effective solution for retrofitting, but only a limited thickness of interior
insulation should be applied, as resistance to vapor diffusion and capillary transport
increases with material thickness. In a comprehensive study, Asphaug et al. [11] identified
ten key challenges that should be included in national moisture control strategies for
habitable basements in cold-climate countries in Western regions. The study’s findings
revealed that the ten key challenges are emphasized differently in the five cold-climate
countries, although having notable similarities in recommendations. In another extensive
review, Asphaug et al. [12] summarized the latest state-of-the-art methodologies to specify
exterior hygrothermal boundary conditions for the hygrothermal simulation of below-
grade basement structures. The review highlighted the lack of thorough validation of
hygrothermal simulations and the inadequacy of current hygrothermal simulation tools to
replicate real-world hygrothermal conditions in basement envelopes accurately. Asphaug
et al. [13] conducted laboratory experiments to investigate how the permeability of thermal
insulation and the position of the dimpled membrane within the assembly affects the
outward drying process of concrete walls. The outcomes of the study revealed that the
concrete’s ability to transport moisture to the drying surface was more important than
the vapor permeability of the insulation and the membrane position. In another study,
Asphaug et al. [14] used numerical simulations to investigate the use of vapor-permeable
thermal insulation and the impact of air gaps behind dimple membranes on the outward
drying of concrete basement walls. The findings showed that in addition to the position of
the membrane, the interior relative humidity (RH) is influenced by both the thickness of
insulation used in the wall assembly and the characteristics of the concrete.

On the one hand, the literature review reveals that among the research works that
have investigated the hygrothermal performance of concrete basements, there is a lack of
thorough investigation of hygrothermal simulations validated with measurements. On the
other hand, by reviewing the literature, one can realize that almost all publications have
focused on the hygrothermal analysis of concrete basements and the challenges related to
wooden basements have not been addressed in previous studies. The only article that has
comprehensively investigated this subject is the recent paper published by Rahiminejad
et al. [15], in which the long-term performance of a wooden basement is examined using
in-field measurements and numerical simulations. However, the performance analysis of
wooden basements under critical conditions is not thoroughly included in that paper. The
main objective of this article is to provide a complete set of analyses on the understanding
of how the wooden element in the basement reacts to critical conditions that may occur
during the operation of the building. To achieve this objective, numerical models are
employed to assess the performance of a wooden basement in a reference building in
long-term exposure to vulnerable circumstances. Particularly, the probability of wood
decay is explored assuming different parameters and various indoor conditions.
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Table 1. Summary of the literature reviewed for hygrothermal analysis of basements.

Load-Bearing Material Used

Auth .
uthor in the Basement

Main Objective

Main Outcome

Analysis of the thermal resistance of exterior basement
Maref et al. (2001) [16] Concrete insulation systems by developing a three-dimensional
numerical model verified using experimental measurements.

The utilization of the 3D model demonstrated an improved
ability to evaluate the long-term thermal resistance of the
insulation systems employed in the research.

Study of the actual thermal performance of two concrete

The thermal performance remained consistently stable, with

Swinton et al. (2006) [17] Concrete either equivalent or improved performance observed in the
basement walls. ;
second heating season.
Comparison of the insulated and non-insulated basements A modest amount of insulation could lead to a significant
Emery et al. (2007) [18] Concrete . .. . o
through a series of measurements. reduction in annual heat loss, approximately by 50%.
Kiinzel et al. (2008) [6] Concrete Investlgatlgn of.the. mmstgre dynamics of concrete cellar Intgrnal drying .potentlal mcrgases notably when using a
walls with interior insulation. moisture-adaptive vapor barrier.
Study of the hygrothermal performance of concrete basement There was a dlscrepa}ncy between simulations ar.1d
Straube (2009) [7] Concrete 1 L . measurements, possibly due to factors such as air leakage,
walls with different interior insulation systems. e -
vapor diffusion, and other variables.
Study of the thermal response of basement wall systems with The. wall with a fu.rred—alrspice% assembly. could .ylEld chersy
Saber et al. (2012) [19] Concrete o . . savings of approximately 17% in comparison with walls
low-emissivity material and furred airspace. . .
lacking the furred airspaces.
. . . If there is a favorable drying condition, only a minimal
Pallin (2013) [8] Concrete Hygrothermal simulations of a concrete basement wall with amount of precipitation would penetrate the insulation or

a focus on investigating the impacts of outward drying.

drainage board.

Evaluation of the hygrothermal performance of retrofitted
Goldberg and Harmon (2015) [9] Masonry block hollow masonry block foundations with thermal insulation
in cold-climate conditions.

The differences in wall temperature between the measured
and simulated data decreased with increasing distance from
the foundation slab.

Simulation of the hygrothermal conditions inside three

Fedorik et al. (2019) [10] Concrete concrete basement walls built in different decades.

Using capillary-active materials to enable inward drying is
an effective solution for retrofitting.

Identification of ten key challenges essential for inclusion in
Asphaug et al. (2020) [11] Concrete national moisture control strategies for habitable basements
in cold-climate Western regions.

The ten key challenges are emphasized differently across the
five cold-climate countries despite notable similarities
in recommendations.
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Table 1. Cont.

Auth .
uthor in the Basement

Load-Bearing Material Used

Main Objective

Main Outcome

Study of the effects of freeze-thaw cycles on the heat transfer

Adding insulation layers to the basement walls and floor slab

Saaly et al. (2020) [20] Concrete properties of a concrete basement. resulted in a significant reduction of approximately 60% in
energy loss.
Review of the latest state-of-the-art methodologies to specify The review hlghhghte.d the lack of ! horough validation of
. o hygrothermal simulations and the inadequacy of
Asphaug et al. (2021) [12] Concrete exterior hygrothermal boundary conditions for hygrothermal . . .
. . hygrothermal simulation tools to replicate real-world
simulation of below-grade basement structures. e
hygrothermal conditions in basement envelopes accurately.
Experiments study to see the impact of the permeability of The concrete’s ability to transport moisture to the drying
Asphaug et al. (2022a) [13] Concrete thermal insulation and the position of the dimpled surface was more important than the vapor permeability of
membrane on the outward drying process of concrete walls.  the insulation and the membrane position.
Numerical simulations to evaluate the use of In addition to the position of the membrane, the interior
vapor-permeable thermal insulation and the impact of air relative humidity (RH) is influenced by both the thickness of
Asphaug et al. (2022b) [14] Concrete gaps behind dimple membranes on the outward drying of insulation used in the wall assembly and the characteristics
concrete basement walls of the concrete.
Rahiminejad et al. (2024) [15] Wood Long-term performance analysis of a wooden basement The applicability and reliability of long-term use of wooden

using in-field measurements and numerical simulations.

elements in the basement structure.




Buildings 2024, 14, 2222

5o0f 38

2. Methodology
2.1. Reference Building
2.1.1. Layout

The exterior of the wooden building taken as the reference building in this research
is shown in Figure 1a. By using wood for all structural components, a total of 222 tons
of CO, emissions were avoided, with the basement alone accounting for a reduction of
126 tons. In addition to its environmental benefits, the use of wood significantly shortened
the construction timeframe, nearly halving the duration compared to conventional methods.
The basement of the building is made of cross-laminated timber (CLT) panels and extruded
polystyrene (XPS) insulation layers (Figure 1b). A thin layer of a vapor-tight membrane
consisting of ethylene-propylene-diene monomers (EPDM) separates the XPS and CLT
layers. A key challenge was ensuring the wood in the basement tolerates critical indoor
conditions. To address this, the structurally necessary layers in the wall and floor were
carefully modeled, and various critical scenarios are considered in this research.

(b) Outdoors
Room space

o
wn
o
wv
m
o
S
wv
{0 Measuring point
o
o
S
- Basement space
o
<

160160

220 160 Dimensions are in mm

Figure 1. Reference building used for hygrothermal performance analysis of the wooden basement:
(a) Outside view; and (b) schematic of the layers used in the basement with the sensor locations.

2.1.2. Data Monitored

Detailed descriptions of the measuring campaign and model validation were provided
by Rahiminejad et al. [15] and are not repeated here. The temperature and relative humidity
measured at different depths of the soil are shown in Figure 2a,b. The weather data collected
from the weather station close to the reference building are plotted in Figure 2c,d [21].



Buildings 2024, 14, 2222

6 of 38
En T 100
§ J l I | rl
= ‘ i 1L - 20
.{=‘_’ \ | rl % \ ‘ ' l X
—~ v
g 3 | ] ’f } “ i 80 2
v < IS
S ~ I I 170 =
= O il T
< \/w ) A
a o =
~ 4 ] 7]
g LA s 50 *
qE) | Temperature Rainfall RH | J‘ “" !
.12 : : ‘ ‘ L) 40
March May Jul Sep Nov Jan  March March May Jul Sep Nov Jan  March
2022 2022 2022 2022 2022 2023 2023 2022 2022 2022 2022 2022 2023 2023
100 [ v ™M A 600 — Global Solar Radiation 7.2
(b) / 1 = (d) ———— Wind Speed
< %0 5 s E 5001 6.0
& LA / | N Q
;5380> ar H £ 400/, 148 E
2 70 IR N g ' 3
2 F . V T 3007 { 3.6 o
@ 60 | ) ) T f ‘ | bl
= X L o
% 50 | Y% | —s2| §200 ‘J ' 1 ( ‘ . |‘ 2.4 s
K y I s3 — (L
\ < { ‘ (111 -
40 N saf| 5100 i 'V‘Jﬂb \J r B -2
! — S5 o
30 0 1 1 1 1 0
March May Jul Sep Nov Jan  March March May Jul Sep Nov Jan  March
2022 2022 2022 2022 2022 2023 2023 2022 2022 2022 2022 2022 2023 2023

Figure 2. Collected data used for numerical simulations: (a) Temperature measured in the soil;
(b) relative humidity measured in the soil; (c) outdoor temperature, relative humidity, and rainfall;
(d) solar radiation and wind speed (see Figure 1 for abbreviations in the legends).

2.2. Research Procedure

The steps of the conducted research are schematically summarized in Figure 3. The
first three steps have already been elaborated in the paper by Rahiminejad et al. [15]. After
monitoring the hygrothermal performance of the basement in the reference building, the
numerical model of the basement was generated and validated against the measured data.
The long-term performance of the structure under typical conditions was then analyzed
using the numerical model.

In the next step, which is the content of the present paper, risk analysis is performed
under critical conditions by utilizing both 1D and 2D simulations. The former method is
used to conservatively evaluate the system under critical circumstances. The latter method
is employed to pragmatically model the system closer to the real conditions. Risk analyses
are conducted by subjecting the models to heated and unheated basements with different
indoor conditions. Two wall structures are assumed, one with the actual thickness of XPS
layers and the other with the XPS thickness reduced until the U-value of the assembly meets
the maximum value permitted by the Swiss Standard SIA 380/1:2016 [22]. Accordingly,
the two wall assemblies are named hereafter the “Actual Assembly” and “Thin Assembly”,
respectively. Two parameters, i.e., the initial wood moisture IWM) in the CLT layer and
the basement’s indoor RH, are changed to find the threshold at which the structure fails in
terms of decay in the cold side of the wooden element.
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Monitoring the hygrothermal performance
of the reference building (Rahiminejad et al.)

Validation of the numerical model
(Rahiminejad et al.)

Long-term performance analysis under
typical conditions (Rahiminejad et al.)

Risk analysis under critical conditions
(The current article)

Variables

I « Model: 1D and 2D

* Indoor climate: Heated and Unheated

« Wall structure: Actual and Thin assembly

Critical conditions
* Gap in XPS
— * Leakage in EPDM
« Moisture accumulation behind CLT
* Moisture accumulation behind XPS

Parameters changed until the detection of wood decay
» Initial Wood Moisture
» Basement’s Indoor RH

Figure 3. Flowchart of the research procedure.

2.3. Assessment Criterion

The performance of wooden components in the basement is assessed according to
the guidelines provided by the International Association for Science and Technology of
Building Maintenance and Monuments Preservation (WTA) for evaluating humidity in
timber constructions. The construction is evaluated concerning wood-destroying fungi
following the WTA standards for solid wood products (WTA 6-8-2016) [23] (Zirkelbach [24]).
The standard expresses that the average daily relative humidity of the air within the most
critical 10 mm of the product should not surpass 95% at 0 °C and 86% at 30 °C. Accordingly,
a thickness of 10 mm on the exterior side of the CLT elements in the basement is selected,
and the timely evolution of pore air relative humidity versus temperature is checked for
the entire duration of the simulations. It should be noted that all other assessment criteria,
including numerical quality of the results, total moisture content, material layer-by-layer
moisture content, runoff water, and mold growth on the interior side of the assembly, have
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Heated Space

been thoroughly investigated by Rahiminejad et al. [15]. Therefore, the analysis of these
criteria is not elaborated on in this article.

2.4. Scenarios Simulated
2.4.1. One-Dimensional Model

The flowchart of the procedure followed for the 1D risk analysis is illustrated in
Figure 4. As mentioned by Kukk et al. [25], the most critical locations in a CLT assembly
are structural joints where water is absorbed in the longitudinal fiber direction from the cut
edge of the panel, and moisture content can increase by up to 30%. Therefore, the initial
wood moisture of CLT layers in the basements with both heated and unheated indoor
spaces is set to start from 30%. Sinusoidal curves in the heated space and constant values
in the unheated space are assumed for both indoor temperature and relative humidity. The
details of the profiles used for the parameters will be described in Section One-Dimensional
Model (described in Section 2.6.2). After conducting the simulation, the possibility of wood
decay in the CLT element is assessed. In the event of decay, the initial wood moisture is
subsequently reduced, and the simulation is then repeated with the updated initial wood
moisture. If wood decay does not occur, the initial wood moisture remains fixed. As the
next step, the mean indoor RH in the heated space, along with the constant RH value in the
unheated space, is increased. The simulations are then executed using these elevated RH
values until wood decay occurs in the assembly. In the event of decay, the preceding mean
RH in the heated space or the constant RH in the unheated space is maintained, and the
loop of simulations concludes. Therefore, as a result of this procedure, the maximum initial
wood moisture in the CLT and the maximum indoor relative humidity that prevents wood
decay in the basement are determined.

Unheated Space

Start Start

| !

+ Initial Wood Moisture: Starting value at 30% + Initial Wood Moisture: Starting value at 30%
e Temperature Profile: 21 + 1 °C e Temperature Profile: 12 °C
» Indoor RH Profile: 55 + 5 % » Indoor RH Profile: 65%

No

’

Fix the
initial wood moisture

}

Increase the
mean indoor RH

No

’

Increase the
mean indoor RH

—

Does wood Yes No
decay occur?

] i

| !

Does wood Yes No Does wood Yes
decay occur? _l l/ decay occur? _l
Reduce the Fix the Reduce the

initial wood moisture

|

Increase the
indoor RH

initial wood moisture initial wood moisture

—

Does wood Yes

r decay occur?
Increase the Fix the

previous mean indoor RH indoor RH previous indoor RH

H H

End End

Figure 4. Flowchart of the procedure followed for the 1D risk analysis.
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It should be noted that the reason to intentionally increase indoor RH is to create
a counteracting pressure against the high vapor pressure deriving from the soil, and
consequently, make a critical situation for the basement by hindering the structure to dry
out inwards. This scenario mimics conditions found in basements with elevated moisture
content due to factors such as poor ventilation, insufficient dehumidification, or the practice
of drying laundry indoors.

As mentioned in Section 2.2, two wall structures are assumed for the basement, i.e.,
Actual Assembly and Thin Assembly. The thickness of the XPS layer in the Actual Assembly is
220 mm, while in the Thin Assembly, it is reduced to 90 mm for a basement with a heated
space and 55 mm for a basement with an unheated space. The values for the wall structures
with a Thin Assembly are determined based on the maximum U-value established by the
Swiss Standard SIA 380/1:2016 [22]. According to the norm, the maximum accepted U-
value of the elements in the building envelope for heated basements is 0.25 W/m? K. For
unheated basements, the standard stipulates an adjustment of the U-value based on indoor
temperature, with a 5% increase for a unit temperature difference. Taking the reference
indoor temperature as 20 °C (SIA 380/1:2016 [22]) and assuming an indoor temperature
of 12 °C for the unheated basement (see Section One-Dimensional Model (described in
Section 2.6.2)), the corresponding U-value of the construction in the unheated basement
becomes equal to 0.35 W/m?-K.

After identifying the two wall structures, various scenarios are considered for the 1D
risk analysis. The descriptions of the ten scenarios defined for the Actual Assembly and
the four scenarios specified for the Thin Assembly are provided in Figure 5. Considering
limitations in a 1D model, the presence of a gap in the XPS and/or the presence of a
leakage in the EPDM membrane are modeled in the Actual Assembly by eliminating the
corresponding material from the geometry. The inevitable fine leaks that remain in the
walls may cause a convective transport of moisture in the interior air to the cold sides of
the structure (Kiinzel [26]). Moreover, moisture accumulation could occur on the cold sides
of the layers due to the precipitation penetrating the soil and transmitting through possible
leakages in the layers. Therefore, the models incorporate the occurrence of moisture
accumulation both due to the air convection from indoors with a high moisture load
seeping through cracks in the CLT/EPDM/XPS, and/or moisture transmission from the
soil towards the interior parts of the assembly. These phenomena are represented in the
models by changing the position of the moisture source in different cases. It is important to
note that these scenarios are designed to replicate worst-case conditions in the basement,
and their real-world occurrence is not typically expected, especially if the wall structure
is properly constructed in terms of the water tightness of the layers. Accordingly, the
scenarios in Figure 5a are designed so that the probability of the case occurrence decreases
as the case number increases.

A similar approach is followed for the wall structure with a Thin Assembly (Figure 5b).
In this case, however, the presence of a gap in the XPS is not considered since it is assumed
that the wall always benefits from the minimum thickness of the insulation material.
Moreover, except for Case-B1, which serves as the reference case, it is assumed that the
EPDM membrane always has a leakage; therefore, that layer is not modeled in the remaining
cases analyzed for the Thin Assembly.
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(a)

1D Model | Actual Assembly
XPS thickness = 220 mm

Scenario Case A-1 Case A-2 Case A-3 Case A-4 CaseA-5 CaseA-6 CaseA-7 CaseA-8 CaseA9 CaseA-10
Gap in XPS No No No No No No Yes Yes Yes Yes
Leakage in EPDM No Yes Yes Yes No Yes No Yes No Yes
Moisture accumulation
behind CLT No No No No Yes Yes No No Yes Yes
Moisture accumulation

No No

behind XPS

No Yes Yes

No No No No No
Soil XPSEPDM CLT Moisture source

1D Model | Thin Assembly
Minimum insulation thickness complying with the maximum U -value specified by the SIA 380/1 (2016)
- Heated space = 90 mm (U-value of the construction: 0.25 W/m?2K);
- Unheated space = 55 mm (U-value of the construction: 0.35 W/m2K)

Scenario Case B-1 Case B-2 Case B-3 Case B-4
Gap in XPS No No No No
Leakage in EPDM No Yes Yes Yes
Moisture accumulation
behind CLT No No No ves
Moisture accumulation
behind XPS No No Yes No

Schematic

Figure 5. Description of the cases used for the 1D risk analysis: (a) Actual Assembly and (b) Thin Assembly.
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2.4.2. Two-Dimensional Model

In reality, there exist multiple gaps between the XPS panels which are created during the
installation process. Depending on the workman’s execution, the thickness of the gaps may
vary from less than 1 mm to more than 5 mm. While 1D simulations offer an overview of
the system’s performance, it is essential to consider that the wall is not uniformly pristine or
entirely compromised. In other words, it is not accurate to assume that the structure is either
completely filled with insulation or is entirely devoid of gaps in the XPS, cracks in the CLT,
or leaks in the EPDM membrane. Instead, the reality involves localized airspaces or minor
leaks in specific areas of the structure. Therefore, to further analyze the impact of these small
gaps on the hygrothermal performance of the assembly, a 2D model is needed that takes into
account the diffusion and convection of moisture in both horizontal and vertical directions.

In total, eight cases are defined for the 2D risk analysis in the basement with the
Actual Assembly and the Thin Assembly as described in Figure 6b,c. The scenarios for
the 2D risk analysis are wisely defined based on the results of the 1D risk analysis (see
Sections 3.1 and 3.2). Accordingly, only heated space is evaluated for 2D analysis since,
based on the 1D simulation results, the unheated space did not show a failure in the
system under the conditions applied (see Section 3). Moreover, since the distance between
the cutoff planes in the XPS layer is large enough compared to the thickness of the gaps
(with a ratio of more than 10 times), no physical interaction is expected between the gaps
distributed vertically, i.e., the impact of one gap on the other is negligible; therefore, only
one gap is modeled in this part of the study that is positioned in the middle height of the
XPS. As shown in Figure 6a, two cases are assumed for the material in the gap; it is either
filled with the soil or with the sealed air. The gap filled with the soil corresponds to a
conservative condition where it is assumed that the soil has thoroughly penetrated the gap,
while the gap filled with the sealed air represents a condition closer to reality. However,
since the pressure from the soil might push it to enter the gap, the actual condition is
expected to be roughly between the two cases. To investigate the impact of the gap size
on the results, four values, including 1, 2, 4, and 5 mm for the gap filled with the soil,
are considered. For the gap filled with the sealed air, however, only one size of 5 mm is
assumed to compare the results with the corresponding case in which the gap is filled with
the soil. The mean indoor RH is also changed from 55% to 80% for the model with a 5 mm
gap. For the other cases, the mean indoor RH is set to 80%.

(a)

I Cap filled with the soil

e > Gap filled with the sealed air

Figure 6. Cont.
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(b)

2D Model | Actual Assembly
XPS thickness = 220 mm

. Scenario
Condition
Case C-1 CaseC-2 CaseC-3 CaseC-4 CaseC-5 CaseC-6 CaseC-7 CaseC-8
Size of the Gap between XPS panels (mm) 5 5 5 5 1 2 4 5
Filling Material in the Gap Soil Soil Soil Soil Soil Soil Soil Sealed Air
Mean Indoor RH (%) 55 60 70 80 80 80 80 80

()

2D Model | Thin Assembly

Minimum insulation thickness complying with the maximum U -value specified by the SIA 380/1 (2016)

Heated space = 90 mm (U-value of the construction: 0.25 W/m?2K)

. Scenario
Condition
Case D-1 CaseD-2 CaseD-3 CaseD-4 CaseD-5 CaseD-6 CaseD-7 Case D-8
Size of the Gap between XPS panels (mm) 5 5 5 5 1 2 4 5
Filling Material in the Gap Soil Soil Soil Soil Soil Soil Soil Sealed Air
Mean Indoor RH (%) 55 60 70 80 80 80 80 80

Figure 6. (a) Schematic of the model used for the 2D risk analysis; (b) description of the cases with
Actual Assembly; and (c) description of the cases with Thin Assembly.

2.5. Model Preparation

The transient coupled heat and moisture transfer in the building assembly is modeled
using WUFI® Pro 6.7 and WUFI® 2D 4.4 developed by Kiinzel [27] and validated for
different building types [28,29]. The software uses finite volume or finite difference methods
to discretize these coupled PDEs and solve them numerically. The computational domain
(e.g., a wall assembly) is divided into small control volumes, and the equations are solved
iteratively to simulate the transient heat and moisture transport.

2.5.1. Geometry and Mesh Generation

An overview of the geometry generated in WUFI® 2D for the basement in the reference
building is illustrated in Figure 7. The entire model is presented in Figure 7a. The depth
of the soil is extended in the model to apply a proper boundary condition on its lower
surface (will be discussed in Section Two-Dimensional Model (described in Section 2.6.2)).
A closer look to the layers modeled for the basement is provided in Figure 7b. A part of
the model used for the 1D simulations in WUFI® Pro is indicated in Figure 7c. In WUFI®,
the mesh can be adjusted in terms of its granularity, which refers to the level of detail
in the simulation. Meshes can be described as coarse, medium, and fine. The choice
between a coarse or fine mesh depends on the specific requirements of the simulation,
including the level of detail needed, the complexity of the geometry, and the available
computational resources. Fine meshes are typically used for more precise simulations,
especially around the interface between materials with different hygric properties, whereas
coarse meshes might be sufficient for preliminary analyses or less complex problems. As
shown in Figure 7d, a fine mesh is generated for the model to achieve a high level of
accuracy and adequate reliability for numerical calculations.
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Figure 7. (a) Entire geometry of the 2D model generated in WUFI® 2D; (b) geometry of the basement;
(c) part of the geometry used for the 1D simulations; and (d) grids generated for different parts of
the geometry.

2.5.2. Material Properties

A summary of the hygrothermal parameters considered for the layers used for simula-
tions is provided in Table 2. The characteristics of the CLT, XPS, and EPDM layers are taken
based on the datasheet information provided by the manufacturers [30-32]. The material
assigned for the soil is based on the information from the onsite geological analysis [33].

The p-values of the CLT used in the reference building are obtained by assuming a
linear correlation between the density of the CLT used in the reference building and the
Stora Enso CLT as the original material provided by the WUFI® program [34,35]. The
values are listed in Table 3.

The water content of the CLT in kg/m? in the hygroscopic region is calculated by
multiplying the wood moisture by the dry density of the material [36,37]. The values
available in the WUFI® database are used for the CLT water content in the capillary region
(Table 4).

Table 2. Summary of hygrothermal properties of the main materials used for numerical simulations.

Material Density Specific Heat Capacity Thermal Water Vapor Diffusion
[kg/m3] [J/kg-K] Conductivity [W/m-K]  Resistance Factor (z-Value) [-]
CLT (Stora Enso) 380 1600 0.12 See Table 3.

EPDM 130 2300 2.30 54,545
XPS Skin 30 1404 0.03 450
XPS Core 30 1404 0.03 165

Soil 1287 850 0.40 50
Gravel 1400 1000 0.7 1
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Table 3. Water vapor diffusion resistance factors (y-value) of the CLT used in the reference building.

Relative Humidity (-) Water Vapor Diffusion Resistance Factor y [-]
0 463
0.18 252
0.25 176
0.63 48
0.71 31
1.0 29

Table 4. Water contents of the CLT used in the reference building.

Hygroscopic Region (Bonifacio [36]) Capillary Region (WUFI® Database)
Relative Humidity (-) W“t[f;;‘;]tent Relative Humidity () Wat[‘;:gi;’l‘;]tent
0.0000 0.0000 0.9500 98.430
0.2000 26.010 0.9900 160.00
0.3500 33.400 0.9950 197.00
0.5000 38.650 0.9990 297.00
0.6500 47.460 0.9995 344.00
0.8000 65.490 0.9999 449.00
0.9000 85.440 1.0000 678.00

2.6. Simulation Setup
2.6.1. Initial Conditions

The starting temperature is set to 20 °C. The initial RH for soil segments neighboring
the wall and floor sections is configured at 99% [38]. As was explained in Section 2.4.1,
the initial wood moisture for CLT in the 1D risk analysis starts from 30% and decreases to
the value when wood decay occurs on the cold side of the CLT element. Considering the
results of the 1D simulations (see Sections 3.1 and 3.2), the initial wood moisture is kept
constant, equal to 20% for all 2D cases.

2.6.2. Boundary Conditions
One-Dimensional Model

The schematic of the boundary conditions used in the 1D model is illustrated in
Figure 8. The adiabatic boundary condition is considered for the upper and lower surfaces.
The values of measured temperature and RH at a depth between 1000 and 1140 mm (see
Figure 1) are used as the boundary conditions on the left side of the model. Regarding
the basement’s indoor space, two possibilities are considered: either a heated space or an
unheated space. As shown in Figure 8, in the heated space, sinusoidal curves are assumed
for both temperature and RH of the air in the basement, while in the unheated space, a
constant value is considered for both parameters. In the heated space, the mean value of
RH starts from 55% and increases up to the value that wood decay occurs (see Section 2.4.1).
The starting mean value of RH in the heated space (55%) represents the high moisture
load in living indoor spaces [39,40]. The indoor temperature in all scenarios simulating the
heated space follows a sinusoidal curve with a mean value of 21 °C and amplitude of 1 °C.
For the unheated space, the starting constant values of RH and temperature are assumed
equal to 65% and 12 °C, respectively. The values considered for the unheated space assume
a basement with a higher U-value in the wall structure adjacent to the soil compared to the
ceiling assembly in the vicinity of the room space, which consequently is further affected
by the outdoor temperature than the temperature in the room space [41]. Similar to the
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heated space, while keeping the temperature value unchanged, the constant value of RH
increases until the sign of wood decay is seen. To model moisture accumulation on the cold
sides of the CLT or XPS, a moisture source is placed on the cold sides behind the CLT or
XPS. A weak degree of airtightness of the building is assumed with an envelope infiltration
equal to 5 m3/(m?-h) [26].

Schematic of the 1D model

Heated Space Relative Humidity

Starting mean value = 55%
Amplitude = 5%
Day of maximum: Aug 16t

Boundary Conditions ) Temperature
Mean value = 21 °C

Adiabatic '
____________________ Amplitude =1 °C
et T ~~. A o rd
*“Basement indoor | Day of maximum: June 3
~~.__ (varies) -

Unheated Space
Soil (measured)

Moist:re accumfullation due to Relative Humidity

indoor air infiltration or I A - [

precipitation leakage from the soil Starting value = 65%
Temperature
Value = 12 °C

Figure 8. Schematic of the boundary conditions applied for risk analysis using the 1D model.

Two-Dimensional Model

The boundary conditions used in the 2D model are presented in Figure 9. As men-
tioned in Section 2.4.2, in this part, only heated space with the indoor conditions specified
in Figure 8 is considered. For the vertical surface exposed to the outdoor climate, the heat
transfer coefficient equal to 17 W/m?K is considered which includes long-wave radiation
parts (i.e., external wall), the short-wave radiation absorptivity of 0.6 (i.e., gray medium
hue DIN 4108-3:2014 [42]), and a standard value of 0.2 for the ground short-wave reflec-
tivity. On the ground surface, the heat transfer coefficient of 19 W/m?K is applied with
a short-wave radiation absorptivity of 0.5 (i.e., generic model) and a standard value of
0.2 for the ground short-wave reflectivity. The soil beneath the floor section is extended
downwards to properly apply a constant temperature at that depth [43,44]. A high value is
considered for the heat transfer coefficient of the soil surfaces which represents a basement
assembly (WUFI® manual). As described in Section 2.4.2, to model the gaps between the
XPS panels, two possibilities are assumed: gaps filled with the soil or with sealed air. For
the former, the soil with similar properties used for the layer adjacent to the XPS is placed
in the gap. For the latter, the sealed air is assumed in the gap with effective hygrothermal
properties as explained in the Appendix A.
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Outdoors Room space

Ceiling Assemblyl

Boundary Conditions

Adiabatic

Basement indoor
Basement space (see Figure 8)

Exterior (exposed to
the outdoor climate)

Room indoor (based on
the outdoor climate
according to EN 15036)

Wall Assembly

Floor Assembly

Soil (T=10 °C, RH=100%)

Soil (measured/interpolated
at different depths)

Gap in the middle of XPS ]

Figure 9. Schematics of the boundary conditions applied for risk analysis using the 2D model
considering the presence of a gap in the middle of XPS (see Figure 1 for dimensions).

2.7. Computational Parameters

The simulations start on the first day of October, which is usually the most critical
case since the component absorbs moisture in the following winter months before possible
drying occurs in spring. The calculation period depends on when the construction reaches
its dynamic equilibrium. For the risk analysis in 2D, a period of 6 years was sufficient,
and based on the results, the dynamic equilibrium was reached. For the risk analysis in
1D simulations, however, the period of simulations is extended to 9 years to ensure the
quasi-steady behavior of the results. The time step is set to 3600 s. The default settings in
the software are used for other computational parameters.

3. Results

The results of the risk analysis are provided in this section. First, the simulations per-
formed in 1D for the Actual Assembly are discussed. Thereafter, the evaluations carried out
for the 1D model of the Thin Assembly are presented. In the last two parts, the performance
of the 2D model with an Actual Assembly and a Thin Assembly under critical conditions are
analyzed. The plots in this section present the wood decay assessment in the structure
under different conditions specified in Section 2.4. Accordingly, the profiles of temperature
vs. pore air relative humidity during the entire duration of the simulation are plotted,
starting from the first year with a green color and ending in the final year with a black color.
To avoid over-cluttered plots, the results of the scenarios with no specific information are
skipped to be presented in the figures.
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3.1. One-Dimensional Model with Actual Assembly
3.1.1. Heated Space

As described in Section 2.4.1, 10 cases are defined for risk analysis of the basement with
an Actual Assembly. The plots in Figure 10 show the results for individual cases. The initial
wood moisture applied to the CLT element starts at 30% and is reduced until the profile of
the pore air relative humidity in the material as a function of the temperature surpasses the
limiting moisture WTA curve (see Section 2.3). Based on the results, the maximum initial
wood moisture for Cases A-1 to A-6, in which there is no gap in the XPS (the insulation
layer is included in the model), is equal to 20%. In these cases, the CLT element dries out
over the period of simulations, and wood decay does not occur. The plots also reveal that
the presence of a moisture source on the cold sides of the CLT and XPS has a negligible
impact on the drying potential of the wooden material. Moreover, the results indicate a
difference in the ending value of the pore air relative humidity of the CLT between the
cases with and without EPDM membrane, e.g., Case A-1 and Case A-2, in which the former
dries out to a slightly lower value. If a gap is present in the XPS and there is no leakage in
the EPDM membrane, the maximum initial wood moisture at which wood decay does not
occur in the structure decreases to 15%, as can be seen from the graphs of Case A-7 and
Case A-9. Under this condition, the plots show increasing trends in the profiles, although
they do not reach the limiting curves. As shown in the plots of Case A-8 and Case A-10,
in the event of a leakage in the waterproofing membrane in a wall assembly without an
insulation layer, the structure is not able to resist the wood decay even at lower initial wood
moisture in the CLT. In these cases, the pore air relative humidity increases over time and
exceeds the limiting curve after 9 years. Therefore, removing the EPDM layer from the
assembly with no insulation layer would cause wood decay with a high probability, even
under the condition that dry CLT layers are installed at the construction stage.

In the next step, based on the fixed values of the initial wood moisture in the CLT
obtained in the previous part for each case, the mean indoor RH gradually increases to
determine its maximum value until a sign of wood decay is seen in the assembly. Therefore,
as indicated at the bottom of the plots in Figure 11, the initial wood moisture is set to 20%
for Cases A-1 to A-6, and 15% for Cases A-7 and A-9. According to the results in Figure 11,
the mean indoor RH can reach up to 80%, corresponding to the absolute humidity of
14.6 g/m3 in the structures of Case A-1 to Case A-6 while no decay in the CLT element
happens. In the event of removing the insulation layer from the assembly, i.e., the presence
of a gap in the XPS, and assuming that there is no leakage in the EPDM membrane, the
results of Case A-7 and Case A-9 in Figure 11 reveal that the mean indoor RH that provides
a safe condition with no wood decay in the CLT is 55% while increasing the RH value to
60% might still work with caution of reaching the limiting curve towards the end of the
simulation period. In these cases, the counteracting vapor pressure from indoors against
the vapor pressure from the soil is not damped in the structure, and consequently, the
CLT does not dry out, and the pore air relative humidity continuously increases over the
duration of the simulations.
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Figure 10. Risks of wood decay based on the initial wood moisture for the 1D Actual Assembly with a heated space (the mean indoor RH is 55%).



Buildings 2024, 14, 2222

19 of 38

Mean Indoor Relative Humidity (%)

80

70

60

55

Case A-1 Case A-2 Case A-3 Case A-4 Case A-5 Case A-6 Case A-7 Case A-9
4 R0 Li00 Li00 Li00 100 Li00
zos >o5 95 295 Z9s Z95
T 90 T 90 T 90 T 90 T 90 %0
gss - Eas & gss @ Egs & € 85 ™ gas 8
<80 <80 < 80 £380 £80 <80
S s g s S S
R g0 &7 Z70 E0 570
265 @ 65 9 65 @65 @ 65 ges
= 60 = = = =
® M o M 5 M 5% M 5o M e M
@55 o 55 @55 o 55 @55 w55 £
50 5 5 50
€0 5 10 15 20 25 30 $ %% 5 10 15 20 25 30 &% 51015 2025 30 £5%0 5 10 15 20 25 30 S0 5101520253 &0 510152025 30 $ 5% 5 10 15 20 25 30 S0 510 15 2025 30
Temperature C) Temperature C) Temperature C) Temperature €C) Temperature C) Temperature C) Temperature C) Temperature C)
A A A A A A
50
$5%0 5 10 15 20 25 30 0 510 15 20 25 30
Temperature €C) Temperature €C)
& 0 510 152025 30
Temperature €C) T ©C)
K100 L100 &) Lioo Lioo Lioo Sioo K100
2% Z9 95 Z9s 205 295 295 >os
-'5:2 S oo T 90 T 90 S 90 T % Z90 =Kl
E 4 Ess > > £ ) E > Ess E
S g0 9 5 4 Ess g 58 < Ess ¢ Ess 4 H = Ess
- ¢ £ 50 ) £80 g <80 <> =80 <> £80 ) <80 N Z80
5 ° \
2 ;Z P4 B8 S 275 ? 2 S 2 $ 275 $ s <o
L6 3 5n 3 En 3 g 3 En 3 g 3 En F7
350 ges F 265 g 65 5 ® 65 3 @65 % [ Tes
= =60 = = = = =60
NSSM o M MGOM NSOM Se M msom o M ‘EGOM
250 [ @5 @55 @5 @55 [ 55
S S 50 5 50 S 50 5 50 5 50 S 50 550
& 0 510 152025 30 S 0 510 15202530 &0 51015202530 &0 510152025 30 €0 51015202530 & 0 510 152025 30 & 0 51015202530 & 770 510 15 20 25 30
Temperature €C) Temperature €C) Temperature (C) Temperature (C) Temperature (C) Temperature (C) Temperature C) Temperature C)

20% IWM in CLT 20% IWM in CLT 20% IWM in CLT 20% IWM in CLT

I: Wood pore RH —— Limit moisture WTA 6-8|

20% IWM in CLT

20% IWM in CLT

15% IWM in CLT

15% IWM in CLT

Fail [V]Pass (OPass with caution
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3.1.2. Unheated Space

The results of the 1D risk analysis for an Actual Assembly with an unheated space are
presented in Figure 12. Based on the plots, except for the assemblies with a gap in the XPS
and a leakage in the EPDM, i.e., Case A-8 and Case A-10, the structures in all other cases do
not show signs of wood decay with 20% of initial wood moisture in the CLT. Comparing
structures with no insulation layer and no leakage in the waterproofing membrane (i.e.,
Case A-7 and Case A-9) in the heated space and unheated space, the results show that
the upper limit of the initial wood moisture in the latter space increases from 15% to 20%.
However, as can be seen in the plots of Case A-8 and Case A-10, in the event of a leakage in
the EPDM membrane, the structure fails in terms of wood decay even at low initial moisture
content in the CLT. This behavior is similar to the corresponding cases in the basement
with a heated space, which confirms the necessity of installing the EPDM membrane in the
assembly, particularly in the vicinity of the regions with the lack of insulation materials.

Considering an initial wood moisture of 20% in the CLT for all cases, further risk
analysis is performed by increasing the relative humidity of the indoor space. As described
in Section One-Dimensional Model (described in Section 2.6.2), the values of the indoor RH
for the unheated space are kept constant over the duration of the simulations. According
to the results provided in Figure 13, the CLT in all cases dries out even at high indoor
RH equal to 85%, corresponding to an absolute humidity of 9 g/m3. In contrast to the
heated space, where the pore air relative humidity in the CLT layer in Case A-7 and Case
A-9 showed an increasing trend, the plots in Figure 13 reveal that the wooden element
in the unheated space dries out over the duration of the simulation. This, alternatively,
means that the basement, even with no insulation layer, but having an unheated space,
can resist a higher initial moisture content in the wooden material compared to the heated
space. The reason is attributed to the combination of the indoor temperature and indoor
RH that creates a lower moisture content in the indoor air of the unheated space compared
to the heated space, which, consequently, reduces the indoor vapor pressure, and, therefore,
provides an opportunity for the component to dry out inwards. As a result, less indoor
vapor pressure counteracts the vapor pressure derived from the soil; thus, the structure
experiences a lower resistance to release its moisture. Therefore, the unheated space shows
a higher potential for keeping the wooden basement dry under critical conditions compared
to the heated space if no air exchange is assumed.
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Figure 12. Risks of wood decay based on the initial wood moisture for the 1D Actual Assembly with an unheated space (the indoor RH is 65%).
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Figure 13. Risks of wood decay based on the constant indoor relative humidity for the 1D Actual Assembly with an unheated space.
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3.2. One-Dimensional Model with Thin Assembly
3.2.1. Heated Space

The results of the risk analysis for the Thin Assembly having a heated space with a mean
RH of 55% are illustrated in Figure 14. The plots show that with an initial wood moisture of
20%, all structures dry out over the duration of the simulations, and wood decay does not
occur in the CLT of any cases, despite that the profile in the structure of Case B-1 starts from
values that marginally exceed the limiting curve. By reducing the initial wood moisture
to 15%, the profiles evolve with a larger distance from the limiting curve, and therefore,
the assembly becomes safer in terms of wood decay. Comparing the structures with and
without the EPDM membrane, i.e., Case B-1 and Case B-2, a slight difference in the profiles
can be observed. A closer look at the plots reveals a higher value at the starting point and a
lower value at the ending point of the pore air relative humidity in Case B-1 compared to
Case B-2. The reason is attributed to the presence of the waterproofing membrane in the
assembly of Case B-1, which creates a resistance to the moisture transport from the CLT
layer towards the XPS layer. In other words, the high moisture accumulated in the CLT at
the beginning of the simulation cannot be released to its left-hand side when the EPDM
membrane exists in the geometry. However, by excluding this material from the model
in Case B-2, the moisture finds an additional way at the beginning of the simulation to
transport towards the exterior of the structure. Therefore, the starting point of the profile in
Case B-1 becomes higher than that in Case B-2. As the simulation approaches its end, since
the EPDM membrane acts as a resistive barrier to the moisture transported inwards from
the soil, the structure in Case B-1 dries out to a lower pore air relative humidity compared
to Case B-2. Comparing the outcomes of analogous scenarios having the Thin Assembly
depicted in Figure 14 with those having the Actual Assembly illustrated in Figure 10, one can
see that the graphs in the former assembly exhibit a slight upward shift when contrasted
with the latter structure. This difference arises from the thinner insulation layer in the Thin
Assembly, leading to a diminished resistance to moisture from the soil compared to the
Actual Assembly.

By fixing the initial wood moisture at 20%, the risk of wood decay is further analyzed
for the Thin Assembly with a heated space in which the indoor relative humidity gradually
increases. The results are presented in Figure 15. The plots show that although the CLT
dries out over time in all cases, there are some signs of wood decay in the structure of Case
B-1, particularly at indoor relative humidity higher than 70%. In the structures of Case B-2
to Case B-4, however, wood decay is not expected to occur in the basement with indoor
relative humidity up to 70%. However, increasing the indoor RH causes a high risk of
wood decay for these assemblies. In the next step, the initial wood moisture is fixed at
15% for all cases, and the mean indoor relative humidity is gradually increased up to 80%.
According to the plots in Figure 16, wood decay does not occur in any of the structures
when the mean indoor RH is 70%, and the profiles reach close to the limiting curve if the
mean indoor RH is 80%. Moreover, the results reveal that the CLT does not dry out over
time when the mean indoor RH is 70% or higher. This contrasts with the results shown in
Figure 11 for similar cases with the Actual Assembly (i.e., Case A-1, Case A-2, Case A-4, and
Case A-6), where the CLT released its moisture towards the end of the simulations. The
reason is attributed to the thinner insulation material used in the Thin Assembly compared
to the Actual Assembly, which reduces the resistance to the moisture transported from the
soil and, consequently, does not allow the CLT to dry out.
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Figure 14. Risks of wood decay based on the initial wood moisture for the 1D Thin Assembly with a heated space (the mean indoor RH is 55%).
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Figure 15. Risks of wood decay based on the mean indoor relative humidity for the 1D Thin Assembly with a heated space (IWM in CLT is 20%).
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Figure 16. Risks of wood decay based on the mean indoor relative humidity for the 1D Thin Assembly with a heated space (IWM in CLT is 15%).
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3.2.2. Unheated Space

The analysis for the structures with the Thin Assembly having an unheated space with
the indoor RH at 65% is shown in Figure 17. The results show that the CLT with an initial
wood moisture of 20% in all cases dries out over time, and the risk of wood decay is not a
concern. The smaller thickness of the insulation layer in the Thin Assembly compared to
the Actual Assembly causes a higher pore air relative humidity in the CLT, as seen in the
profiles of the corresponding cases in Figures 12 and 17. The results also show a negligible
difference in the behavior of the structures with a moisture source behind the CLT or
XPS layers.

By fixing the initial wood moisture of CLT at 20%, further analysis is performed on the
basements with a Thin Assembly while increasing the indoor relative humidity. According
to the results presented in Figure 18, the CLT element releases its moisture even at high
indoor RH values up to 85%, equivalent to an absolute relative humidity of 9 g/m?3. The
results show that wood decay does not occur in any of the cases examined. The plots also
reveal that the CLT in the unheated space dries out over the duration of the simulation in
all cases, while the pore air relative humidity of the CLT in the heated space showed an
increasing trend once the mean indoor RH raised to 70% (see Figure 16). As mentioned for
the Actual Assembly, the higher absolute indoor relative humidity (and consequently the
higher vapor pressure) in the heated space compared to the unheated space is the main
reason for this observation.

3.3. Two-Dimensional Model with Actual Assembly

The results of the 1D risk analysis presented in the previous sections revealed that
wood decay occurs in the CLT layer in all cases if the initial wood moisture is set to 30%.
Therefore, for the 2D risk analysis, the initial wood moisture in the CLT is fixed at 20%,
which is the threshold for most of the cases in the 1D models. Moreover, findings from the
1D risk analysis shed light on the fact that 2D simulations are not necessary for unheated
basements since the system worked properly under severe conditions and the wood could
dry out over time (see Figure 13). This is different from the heated basements, where
according to the 1D analysis, the CLT layer was not able to dry out in Case A-7 and Case
A-9, in which a gap was present in the insulation material (see Figure 11). Therefore,
for the 2D risk analysis, a model of a basement with a heated space including a gap in
the middle of the XPS layer was generated to further examine the problem. It should be
noted that the EPDM membrane is included in the 2D model since the 1D risk analysis
highlighted its necessity for the hygrothermal performance of the basement with a heated
space, particularly in the vicinity of the gap within the insulation layer (see the results of
Case A-8 and Case A-10 in Figure 11). In this section, the results for the 2D models of the
Actual Assembly are provided and the plots of the wood decay assessment are illustrated
in Figure 19. The evaluations are carried out for the outermost regions of the CLT layer
having 10 mm thickness assuming different heights including the entire wall, close to the
gap (£15 mm), and the gap size.
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Figure 17. Risks of wood decay based on the initial wood moisture for the 1D Thin Assembly with an unheated space (the indoor RH is 65%).
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Figure 18. Risks of wood decay based on the constant indoor relative humidity for the 1D Thin Assembly with an unheated space.
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Figure 19. Risks of wood decay for the 2D risk analysis in the Actual Assembly.

According to the results, the profiles do not surpass the limiting curves in any of the
cases when the regions with the entire height of the CLT element are assessed. As shown in
the graphs of Case C-1 to Case C-3, the CLT layer in all regions dries out if the mean indoor
RH is lower than 70%. By increasing the mean indoor RH to 80%, the counteracting vapor
pressure against the pressure driven from the soil becomes higher, and consequently, the
pore air relative humidity increases and the CLT cannot release its moisture over time. The
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plots in Figure 19 show that the profiles in the regions close to the gap are shifted upward
compared to the regions with the entire height of the wall. This is due to becoming nearer
to the gap filled with the soil or with the sealed air. Considering the basement in Case C-3,
the profile of the pore air relative humidity in the regions close to the gap and with the
height of the gap size slightly exceeds the limiting curve at the beginning of the simulation
for 3 months, but afterward, it dries out over time. The same results can be observed in the
plots of Case C-1 and Case C-2 when the region with the gap size is considered. Increasing
the mean indoor RH in Case C-4, however, significantly raises the period of surpassing the
limiting curves in the regions close to the gap and the gap size. According to the results,
the pore air relative humidity values become above the limiting curve for up to 8 months
per each year of simulation (6 years). Despite the small size of the regions assessed, this
observation means that moisture accumulates in those regions and the CLT does not dry
out over time.

The impact of the change in the size of the gap on the results is investigated in Case
C-5 to Case C-7. The plots show a negligible difference when regions with the height of the
entire wall are compared. In the regions closer to the gap and the gap size, as expected, the
bigger the gap size is, the higher the profile is shifted in the plots. If the gap size reaches
4 mm, the results show exceeding values than the limiting curve with a period of 4 months
that repeats for the last 5 years of simulation. Therefore, the results imply that wood decay
does not happen in the entire assembly if the size of the gaps in the XPS is smaller than
4 mm. Even if gaps with bigger sizes of up to 5 mm exist in the insulation layer, wood
decay may only happen in the regions very close to the gap, which could be disregarded
compared to the entire height of the assembly.

As the last variable, the material in the 5 mm gap is changed from the soil to the sealed
air. The same indoor condition as Case C-4 is applied in Case C-8 to compare the results
of these two cases. In contrast to the gap filled with the soil, the plots of Case C-8 show
that the profiles do not exceed the limiting curves in any of the regions assessed. The
lower moisture content in the sealed air compared to the soil is the main reason for this
observation. The actual condition, however, is supposed to lie between Case C-4 and Case
C-8, in which the gap is partially filled with the soil and partially filled with the sealed air.

3.4. Two-Dimensional Model with Thin Assembly

This section presents the results of the 2D risk analysis for the basement with the
Thin Assembly having a heated space. Similar scenarios to the basement with the Actual
Assembly are investigated in this section, and the results are illustrated in Figure 20. Based
on the plots, the wood decay is not expected to occur in the entire height of the CLT of the
Thin Assembly if the mean indoor RH does not exceed 70%. Although the graphs for the
regions with the entire height of the wall (first rows in Figure 19) show that the CLT in the
basement having the mean indoor RH of 70% or lower dries out over time, one can see that
the pore air relative humidity surpasses the limiting curve if the regions with a height of
£15 mm close to the gap (second rows in Figure 19) or with the height equal to the gap
size (third rows in Figure 19) are considered. Considering the basements with the indoor
RH values of 55% and 60% in the latter regions, the profiles are beyond the limiting curve
for a period of 6 months for 2 years; however, after that, the profiles continue downwards.
However, for the basement with the indoor RH of 70%, the regions close to the gap and
with the gap size may experience wood decay for a longer time, up to some consecutive
years. By increasing the indoor RH to 80%, the results demonstrate that the CLT is not able
to release its moisture over time, and the probability of wood decay becomes higher, even
in the region with the entire height of the wall. The same results can be observed for Case
D-5 to Case D-8. Therefore, the maximum threshold of the mean indoor RH to avoid the
wood decay in a basement with the Thin Assembly is 70% if the CLT layers are installed
with the initial wood moisture of 20%. By reducing the initial wood moisture to 15%, a
higher threshold for the mean indoor RH of up to 80% could be expected, as elaborated in
Section 3.2.
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Figure 20. Risks of wood decay for the 2D risk analysis in the Thin Assembly.

4. Discussion

Building upon the findings presented in earlier parts, one can establish thresholds for
the highest initial wood moisture and the maximum indoor relative humidity in basements
with heated or unheated spaces. The thresholds provided in Figure 21 are defined for
various cases outlined in the 1D risk analysis, ensuring that wood decay is unlikely to
happen in structures with the Actual Assembly. According to Figure 21, although there
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are differences in the upper limits of the values between a heated and an unheated space,
as long as the EPDM membrane is present in the structure, the wooden element has a
chance to dry out, even under the condition of having no XPS layer in the assembly. A
similar observation is reported for a concrete basement by Kiinzel et al. [6], where the
authors indicated that there is a potential for internal drying to occur when a moisture-
adaptive vapor barrier is employed. However, removing the EPDM from the structure
without any insulation layer results in wood decay in the CLT. In the case of including
the insulation material in the basement, eliminating the waterproofing membrane does
not have a significant impact on the thresholds obtained for the initial wood moisture and
maximum indoor RH. Alternatively, this implies that a localized leakage in the EPDM
membrane poses no issue for the assembly if there is an insulation layer nearby.

1D Model | Actual Assembly
XPS thickness = 220 mm

Scenario Case A-1 Case A2 CaseA-3 Case A-4 CaseA-5 CaseA6 CaseA-7 CaseA-8 CaseA9 CaseA-10
Gap in XPS No No No No No No Yes Yes Yes Yes
Leakage in EPDM No Yes Yes Yes No Yes No Yes No Yes
Moisture accumulation
behind CLT No No No No Yes Yes No No Yes Yes
Moisture accumulation
behind XPS No No Yes Yes No No No No No No
L Il = Il Il it
Schematic ‘ N w W ‘ H { {
Soil XPS EPDM CLT Moisture source
Threshold Heated Space
Maximum initial
wood moisture (%) 20 20 20 20 20 20 15 - 15
Maximum mean
indoor RH (%) 80 80 80 80 80 80 55 - 55
Threshold Unheated Space
Maximum initial
wood moisture (%) 20 20 20 20 20 20 20 - 20
Maximum
indoor RH (%) 85 85 85 85 85 85 85 - 85

Figure 21. Thresholds of the initial wood moisture and indoor relative humidity for the 1D risk
analysis in the Actual Assembly.

The summary of the upper limits obtained for the initial wood moisture and the indoor
relative humidity to avoid wood decay in a basement with the Thin Assembly is provided
in Figure 22. According to the thresholds indicated, the values vary in Cases B-1 to B-4
when they are compared in a heated space, while there are no differences between the
cases in an unheated space. Comparing the findings for the basement having the Thin
Assembly shown in Figure 22 with the basement having the Actual Assembly presented in
Figure 21 reveals that, generally, the latter structure has higher upper limits (particularly
in the heated space), which alternatively means that it is more resistive against moisture
accumulation and possible wood decay in the CLT. Therefore, as expected, the greater
thickness of the insulation material effectively boosts the hygrothermal performance of the
wooden basement. This is in agreement with the conclusions of the research performed by
Fedorik et al. [10], in which the exterior thermal insulation for basement walls is found as
the most durable and effective solution for concrete basements. Based on the results, both
the properties of the wood layer and the extent of insulation determine the threshold of
the maximum indoor RH. Similar conclusions about concrete basements were drawn by
Asphaug et al. [11] and Asphaug et al. [12].
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1D Model | Thin Assembly

Minimum insulation thickness complying with the maximum U -value specified by the SIA 380/1 (2016)

- Heated space = 90 mm (U-value of the construction: 0.25 W/m?2K);
- Unheated space = 55 mm (U-value of the construction: 0.35 W/m?2K)

Scenario Case B-1 Case B-2 Case B-3 Case B-4
Gap in XPS No No No No
Leakage in EPDM No Yes Yes Yes
Moisture accumulation
behind CLT No No No ves
Moisture accumulation
behind XPS A A ves No
A || \ |
Schematic
Il \ \
Soil  XPS EPDM CLT Moisture source
Threshold Heated Space

wood moisture (%)

Maximum initial 15 20 15 20 15 20 15 20

Maximum mean

indoor RH (%) 70 55 8 70 8 70 80 70

Threshold Unheated Space

wood moisture (%)

Maximum initial 20 20 20 20

Maximum

indoor RH (%) 85 85 85 85

Figure 22. Thresholds of the initial wood moisture and indoor relative humidity for the 1D risk
analysis in the Thin Assembly.

The numerical simulations conducted in this study revealed that a well-designed
wooden basement constructed with CLT elements, when combined with appropriate
insulation and a waterproofing membrane, can effectively resist moisture accumulation
in the assembly. This contributes to creating a dry basement environment, addressing
concerns regarding moisture accumulation. The study demonstrated that the basement
under investigation exhibits satisfactory long-term hygrothermal performance without
concerns for wood decay. The 1D risk analysis showed that with the presence of the EPDM
membrane within the structure, there remains a possibility for the wooden element to dry
out, even in the absence of an XPS layer in the assembly. This was further proved in the 2D
risk analysis, where under severe conditions, the penetration of the soil through a gap in
the XPS only affected a small region around the gap size. Moreover, the results indicated
that by decreasing the insulation thickness to the minimum level required to meet Swiss
standards, the wooden basement can still withstand critical conditions.

Despite many scenarios examined in this study, it is crucial to investigate various
aspects considering the basement’s intended use, such as occupant comfort, which was
not explored in this research but warrants future consideration. Regarding simulation
setups, the orientation of outdoor-exposed surfaces matches the actual construction face,
with negligible influence from the above-grade portion due to its small height. However,
in cases where the above-grade portion has a larger surface area exposed to the outdoors,
careful wall orientation selection is necessary, especially in buildings with low soil levels,
to ensure structural endurance under severe conditions. Despite meticulous measurement,
uncertainties and variations in production processes may still affect simulation accuracy.
Further research is needed to evaluate resilience under extreme climates. It should be high-
lighted that the studied basement was not affected by groundwater pressure, underlining
the need for analysis considering water table levels and soil water flow in such cases.
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5. Conclusions

The hygrothermal performance of a wooden basement under critical conditions was
analyzed in this study. Assuming the absence of pressuring groundwater in the construc-
tion, different scenarios were examined, and possible severe conditions that may occur
in the real-world operation of the wooden basement were applied to the system. Some
parameters were changed, including the dimensions of the numerical model, use of heating
equipment in the basement’s space, and the thickness of the insulation layer, and the
chance of wood decay in the CLT element was investigated as the assessment criterion.
Accordingly, the thresholds for the initial wood moisture and indoor relative humidity
in which wood decay does not occur in the CLT element were determined for different
scenarios. The findings indicate that wood decay is improbable in most instances when the
initial wood moisture remains below 20%. Moreover, even with indoor relative humidity
levels averaging up to 80%, wood decay is rare in a heated basement with temperatures
below 21 °C. However, in an unheated basement with a temperature of 12 °C, maintaining
indoor relative humidity below 85% becomes crucial to prevent wood decay. It should be
noted that altering the purpose of a wooden basement, such as converting it from a living
space to a parking garage, may yield different observations and needs to be analyzed in
future studies.
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Appendix A. Effective Hygrothermal Properties of Air in an Unventilated Air Layer

In addition to heat conduction, heat can also transfer through air layers via convection
and radiation. Similarly, beyond water vapor diffusion, water vapor can be transferred
through air layers by convection. According to the user manual of the WUFI® software
(WUFI® 2D 4.4), it is primarily designed for solid materials, permitting solely the consider-
ation of heat conduction and water vapor diffusion, excluding liquid transport, which is
not pertinent in this context. Nevertheless, incorporating additional transport phenomena
is feasible by adjusting the heat conductivity and diffusion resistance. This ensures that
the calculation yields accurate heat and vapor flows. The method is grounded in consider-
ations that apply to non-ventilated air layers. The relative influences of heat conduction,
convection, and radiation hinge on factors such as the thickness and orientation of the air
layer, the characteristics of the two surfaces, and the temperature. In building physics,
the dependency on temperature can be disregarded and it is sufficient to differentiate
between metallic and non-metallic surfaces. Therefore, considering air layers bounded with
non-metallic surfaces, one can establish a heat resistance (e.g., derived from measurements),
denoted as Ry;on—met, which is exclusively dependent on the air layer thickness and encom-
passes all transport phenomena. Additionally, for WUFI®, the effective heat conductivity
A* needs to be selected in a manner that ensures the determined heat resistance aligns
with the specified air layer thickness. The heat resistance of an air layer with the desired
thickness, orientation (vertical, horizontal), and surfaces (metallic, non-metallic) can be
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found in relevant standards such as ISO 6946:2017 [45]. Opting for non-metallic surfaces is
appropriate here, considering their prevalence in building components. By assuming an
arbitrary thickness Ax*, representing the thickness of the air layer when incorporated into
WUFI®'s component assembly, the equivalent thermal conductivity A* of the air layer can
be obtained using Equation (A1), where Ax* is the effective thickness of the layer, in this
case, equal to 220 mm, and Ryon—met is equal to 0.18 m?2-K/W for a horizontal heat flow in
an unventilated air layer with that thickness (ISO 6946:2017 [45]). Therefore, the effective
heat conductivity A* becomes equal to 1.22 W/m-K.

A = Ax*

Rnun—met

(A1)

As water vapor diffusion and convective water vapor transport share analogous mech-
anisms with heat conductivity and convective heat transport, the coefficients governing
vapor transport can be deduced from the coefficients for heat transport through the uti-
lization of similarity relations. The water vapor diffusion flux density g, (kg/m?-s) can be
determined using Equation (A2), where D, (m?/s) is the concentration-related diffusion
coefficient in air, ¢ (kg/ m?) is water vapor concentration, #* (-) is the effective water vapor
diffusion resistance factor, and S (m3/s?-Pa) is water vapor diffusion resistance.

D. Ac Ac
8T A TS (A2)

Considering that D, is approximately equal to 0.09 m? /s (Schirmer [46]), and S is the

ratio of the thermal resistance of the unventilated air layers bounded by metallic surfaces

Ryet (m?-K/W) divided by 3.5 (Illig [47]), one can calculate the effective water vapor
diffusion resistance factor using Equation (A3).

Rmet
Ax*

u* = 0.026- (A3)
Therefore, by assuming the value of 0.35 m?2-K/W for R,,.¢ (Gosele and Schiile [48]),
the effective water vapor diffusion resistance factor u* becomes equal to 0.041. It should be
noted that for the effective water vapor diffusion resistance factor, the heat resistance Ryt
of air layers between metallic surfaces (i.e., without radiation exchange) is used since the
intention is to estimate the vapor diffusion resistance while there is no transport mechanism
analogous to radiation involved, which is in contrast to the above case of heat transport.
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