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Preface 

This PhD was completed at the Department of Civil and Environmental Engineering, which is 
part of the Faculty of Engineering at the Norwegian University of Science and Technology 
(NTNU). It was written as part of the research project Klima 2050, a Centre for Research-based 
Innovation (SFI). The aim of Klima 2050 is to reduce the societal risks associated with climate 
change, enhanced precipitation, and flood water exposure within the built environment. This 
PhD project is a part of WP1: Climate exposure and moisture-resilient buildings. The thesis 
investigated the moisture performance of thermally insulated basement walls with an emphasis 
on the effect of outward drying.  
 
The main supervisor of the PhD project was Professor Tore Kvande at NTNU. Dr.ing. Berit 
Time and Dr.ing. Stig Geving at SINTEF Community served as co-supervisors. 
SFI Klima 2050 is funded by the Research Council of Norway (grant number 237859) and the 
consortium partners. More information about the research project can be found at 
www.klima2050.no.  
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Summary 

Climate change entails frequent and intense events of heavy rainfall and rain-induced floods in 
many regions with cold climates. In addition, present solutions for stormwater management 
involve the infiltration of surface runoff into the ground surrounding the buildings. Although 
sufficient drainage normally prevents water pressure on the basement envelopes in new 
buildings, the basement envelope is still prone to high moisture strain in the form of high 
relative humidity (RH) in soil/backfill, precipitation/stormwater, and water from snowmelt.  
 
The primary objective of this thesis has been to make novel contributions to the scientific 
knowledge regarding the effect of outward drying of thermally insulated concrete basement 
walls. Several scoping and desktop studies were conducted to map the extent of scientific 
research available. Furthermore, a novel experimental method that involved applying load cells 
to monitor the outward drying and precipitated condensation of concrete wall segments 
insulated with different configurations of thermal insulation and dimpled membranes was 
developed. In the experiment, the wall segments were exposed to warm interior and cold and 
humid exterior conditions in a climate simulator. Subsequently, numerical simulations were 
conducted using COMSOL Multiphysics®. The simulations were performed to investigate the 
concrete wall segments from the laboratory experiment and the long-term moisture 
performance of thermally insulated basement walls. The vapour permeability of the exterior 
thermal insulation, moisture performance of three types of concrete, effect of two dimpled 
membrane positions, and effect of interior vapour barriers were investigated.  
 
The literature reviews and desktop studies provided an overview of the international 
recommendations for thermally insulated basements in cold-climate countries and studies 
focusing on the hygrothermal simulations of basement envelopes. Differences between the 
recommendations primarily pertained to the exterior damp proofing of the walls, use and 
position of dimpled membranes and vapour barriers, and use of vapour-permeable thermal 
insulation. Note that a method for the validation of the hygrothermal simulations of basements 
using full-scale physical measurements was not found in the literature. Therefore, it was 
concluded that a recognised method/procedure to determine the below-grade exterior boundary 
conditions is required. In the experimental study, the three basement wall segments exhibited 
similar drying rates. Thus, it was concluded that the outward drying was primarily limited by 
the concrete type and not the exterior thermal insulation or position of the dimpled membrane. 
This inference was validated by numerical simulations.   
 
Using vapour-permeable thermal insulation on the exterior side of basement walls in dwellings 
might improve the moisture performance of the interior wall components; however, the effect 
of the insulation will primarily depend on the capillary moisture transfer of the concrete and the 
thickness and permeability of the exterior and interior insulation. If the concrete dries slowly, 
a dimpled membrane positioned between the concrete and exterior insulation might provide 
sufficient drying, assuming that the air gap behind the membrane is slightly ventilated. 
Therefore, the span of the moisture properties of concrete used in basements requires a thorough 
investigation. 
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Definitions 

In this thesis, the following definitions are used: 

 Cold climate: average temperatures below 0°C during the coldest months. 
 Basement: one or more floors of a building that are completely or partially below grade.  
 Habitable basement: basements fitted to a high standard and used as living spaces.   
 Semi-basement / English basement / daylight basement: a basement where parts of the 

walls are partly or entirely below grade, and part of the floor is above the ground to 
provide reasonably-sized windows or doors. Semi-basements are typically used in sloped 
terrains. 

 Walk-out basements: the basement is nearly entirely underground, and a stairwell with 
a vertical height of a floor leads up to the outdoors. 

 Building envelope / building enclosure: the physical separator between the conditioned 
and unconditioned environments of a building. The building envelope protects the interior 
space from the effects of the environment, such as precipitation, wind, temperature, 
humidity, radon, and ultraviolet radiation. 

 Basement envelope: exterior walls and floors in basements that protect the interior space 
from environmental effects.  

 Grade: the surface of the ground surrounding buildings.  
 Below grade: something that is below grade, which implies under the surface of the earth. 
 Above grade: something that is above grade, which implies above the surface of the 

earth. 
 Ground: earth or soil. "Ground" is commonly used to describe the surface of the earth in 

the area around a house or other types of buildings. However, in this thesis, “ground” 
implies the earth or soil surrounding a building. 

 Exterior ground / surrounding ground: earth, soil, and rock in the ground surrounding 
a house or building. 

 Vapour-permeable thermal insulation: thermal insulation materials with a water 
vapour resistance factor less than 10, such as boards of mineral wool or expanded 
polystyrene with special qualities.  

 Outward drying: the amount of moisture drying from the building envelope to the 
exterior environment.  

 Inward drying: the amount of moisture drying from the building envelope to the indoor 
environment. 

 Dimpled membrane: a membrane (typically consisting of 1-mm polypropylene sheets) 
with approximately 7–10-mm dimples extruded on one side, which creates an air gap. 
Dimpled membranes/sheets are designed to provide capillary breaks and vertical drainage 
and have been used in basement walls since the 1950s [1].  

 Air gap: an air cavity between two adjacent materials; for example, the cavity between a 
dimpled membrane and concrete basement wall.  

 Lower air-gap opening: air-gap openings at the bottom of a dimpled membrane applied 
to a basement wall. Typically, they are close to the foundation. 

 Upper air-gap opening: air-gap openings at the top of a dimpled membrane applied to a 
basement wall (between the dimpled membrane and the spacer profile attaching the 
membrane to the wall). 

 Groundwater table: upper level of an underground surface in which the soil or rocks are 
permanently saturated with water.  

 Concrete wall segment: part of a basement wall investigated in a laboratory experiment. 
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1. Introduction 

1.1. Basement walls in habitable basements 

In many Nordic countries, basements comprise a significant share of the building volume. 
Basements can ensure better utilisation of plots with sloped terrains and improve the 
architectural expression of a building. In densely populated areas and areas with high property 
prices, basements in apartment buildings, rowhouses, and single-family dwellings are often 
fitted to a high standard and used as living spaces. Figure 1 shows a single-family dwelling with 
a semi-basement. Figure 2 shows a single-family dwelling with a semi-basement extended over 
two floors. In these types of houses, it is common to place the bathroom and laundry room at 
the rear with walls mainly below grade. The bedrooms and living rooms usually have one or 
more walls with a window.  
 

 
Figure 1. It is common for house manufacturers to supply houses with semi-basements on 
sloping plots. In this single-family dwelling, half of the exterior walls of the lower floor is below 
grade, and the rest has access to the outdoors. Bathrooms, laundry rooms, corridors, and 
technical rooms are often located in the rear part. It is common for bedrooms and living rooms 
to have one or more walls facing the terrain and at least one wall with windows. Fossen is a 
house model designed and manufactured by Norgeshus (Image: Norgeshus).  
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Figure 2. Semi-basements in dwellings may feature basement walls extended over two floors.   
 
In multipurpose buildings, it is becoming more common to furnish basements for commercial 
applications such as shops and restaurants, as shown in Figure 3. Basements have the advantage 
of low heating and cooling costs owing to earth sheltering. However, the moisture safety design 
of basements requires further development and innovation. Basements in small buildings, such 
as single-family dwellings and rowhouses, are rare in wet climates that are prone to floods. 
However, in locations with a cold or temperate climate, basements are much more common 
because a concrete foundation below the frost line is a necessity. In new buildings, water 
pressure on structures is normally prevented by ensuring sufficient drainage below the floor, 
foundations, and basement walls.   
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Figure 3. Multipurpose building with a restaurant located in the basement. A kitchen is located 
next to the below-grade exterior wall.   

1.2. Norwegian recommendations for basement walls 

Moisture-resilient design of the basement envelope is crucial because below-grade walls are 
prone to significant moisture strain and have a limited ability to dry compared to above-grade 
exterior walls. Consequently, the walls are subjected to high relative humidity (RH) in 
soil/backfill, precipitation, and snowmelt.  

Many different strategies may be employed to achieve moisture-resilient basements. In Norway 
a recommended strategy involves outward drying. According to the principle, the moisture 
within the structures may dry outward through the insulation by vapour diffusion, condense on 
the cold side, and drain to the ground below. The difference in temperature and vapour pressure 
across the exterior thermal insulation layer is the main driving potential for moisture transfer. 
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Convection might also occur if the thermal insulation material used is air-permeable. However, 
the effect of outward drying on the overall moisture performance of the walls is uncertain and 
requires more thorough investigation. Among other factors, the local climate and external 
temperatures below grade may have a significant influence on the effect of outward drying. 
Therefore, prior to extensive long-term measurements, studying the outward drying from a 
theoretical perspective using numerical simulations is beneficial. 

According to a Norwegian guideline, vapour-permeable thermal insulation with a water vapour 
diffusion resistance factor of less than 10 is recommended to increase the outward drying of 
basement walls [2]. The dimpled membrane was conventionally positioned directly on the 
basement wall. However, after the Norwegian guideline was revised in 2015, the recommended 
position of the dimpled membrane changed. Currently, the dimpled membrane is positioned on 
the exterior side of the exterior insulation. The two positions are illustrated in Figure 4 and 5.  

The recommendations are communicated by the SINTEF Building Research Design Guides 
(Byggforskserien), which are influential within the Norwegian building industry. 
Byggforskserien consists of approximately 800 design guides that have been produced and 
continuously updated since 1958. Presently, Byggforskserien is the most-used planning and 
design tool among Norwegian architects and engineers. The design guides comply with the 
performance-based requirements in the building code and act as a significant reference for 
documented solutions in technical regulations. The principal objective of the design guides is 
to present the data and results from practice and research in a manner that can be implemented 
practically by the construction industry. Accordingly, the recommendations presented vary 
according to the framework conditions of the construction industry and research front of 
building physics. 

According to the guidelines concerning thermally insulated basement walls [2], the 
conventional position of the dimpled membrane is not wrong and does not necessarily lead to 
damage; however, according to the guidelines, changing the position of the dimpled membrane 
can reduce the risk of moisture-related damage further by enabling outward drying. Because 
the recommended changes were primarily based on unpublished calculations and assessments, 
the improvements in the drying ability have not been experimentally validated [3,4]. Those in 
favour of the new recommendations argue that both the conventional and new position can form 
robust structures. According to others, the effect of outward drying is minimal and inadequately 
documented [5]. Additionally, the air gap behind the dimpled membrane positioned directly on 
the wall is likely to provide sufficient drying when the air gap is slightly ventilated [5]. 
Although the upper air gap is too small to be readily visible in Figure 4 and 5, in practice there 
is enough of an opening for some air to be vented out.  
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Figure 4. Current recommendation—dimpled membrane positioned on the exterior side of 
vapour-permeable thermal insulation [2].  

   
Figure 5. Conventional position—dimpled membrane positioned directly on the concrete wall 
and exterior thermal insulation as the outer layer [6]. 
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1.3. Objectives and scope 

The primary objective of this thesis is to make novel contributions to the scientific knowledge 
regarding the effect of outward drying of thermally insulated concrete basement walls. In this 
context, it is of specific interest to better understand how the moisture performance of basement 
walls is affected by;  

- vapour resistance, thickness, and placement of thermal insulation,  
- position of dimpled membranes, and  
- use of interior moisture barriers.  

 
To operationalize the objective, the following research questions are addressed: 
 

1. What are the moisture-related challenges to overcome in order to ensure 
moisture-resilient habitable basements? 

 
2. Can the use of outward drying improve the moisture performance of thermally insulated 

basement walls?  
 

The scope of the study can be described as follows: 
- The applicability of commercial simulation tools and recognised numerical models was 

investigated. However, the necessary improvements to the existing models and 
numerical techniques were not addressed.   

- Habitable basements were investigated. Unheated basements and basements used for 
storage or industrial purposes were not addressed. 

- Thermally insulated concrete walls and floors in basements and semi-basements were 
investigated. Slab-on-ground structures and intermediate floors were not considered.  

- The moisture performance of concrete basement walls was investigated. However, other 
structures, such as light-expanded clay aggregate masonry, were not addressed. 

- Buildings situated in cold climates are discussed. Buildings in warm climates were not 
addressed.  

- Structures above the groundwater table were investigated. Structures below the 
groundwater level were not addressed.  

- Recommendations for new buildings were investigated. However, the rehabilitation, 
restoration, and maintenance of existing buildings were not addressed. 

- Issues related to the building process or geotechnical issues were not addressed. 
- The numerical simulations included moisture transfer within the basement walls 

(concrete and thermal insulation) via capillary conduction and vapour diffusion. 
Moisture transfer by convection within the thermal insulation was not addressed. Issues 
related to the leakage of air and radon were not addressed. 
 

The theory to be investigated is illustrated in Figure 6.  
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Figure 6. Illustration of the practice and theory to be investigated. Dwelling with a basement 
used for habitation (upper), basement wall with exterior vapour-permeable thermal insulation 
(lower left), and outward drying of a part of the concrete wall (lower right). The exterior side 
of the concrete wall may dry outward through vapour diffusion. Subsequently, the vapour may 
condensate within the air gap behind the dimpled membrane and is drained to the ground below 
through the bottom/lower air gap opening. 
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1.4. Structure of the work 

The thesis is divided into two parts, corresponding to each research question.  

Part 1: State of the art 

Paper 1 charts the state-of-the-art research related to thermally insulated basement envelopes 
and recommendations for new basements used for habitation. However, most studies in the 
existing literature have primarily focused on the thermal performance, interior-insulated 
basement walls, or moisture damage in older buildings. Furthermore, the primary moisture 
control strategies for habitable basements in western cold climate countries were established 
based on the national building recommendations for new buildings. Considering the SINTEF 
Building Research Design Guides (Byggforskserien) [7] as a baseline, 10 key challenges were 
identified and compared with the recommendations given by experts in the field of building 
physics (building science) from four other countries with cold climates. Paper 2 charts the 
state-of-the-art research related to the hygrothermal simulations of thermally insulated 
basement envelopes. Based on a detailed literature review, significant observations were made 
related to the numerical simulations of the ground surrounding buildings. It was concluded that 
predefined below-grade boundary conditions are required for hygrothermal tools. 

Part 2: Potential for outward drying  

Paper 3 documents the laboratory experiment performed to investigate the outward drying of 
concrete walls and generate data for the validation of hygrothermal simulations. The drying 
performances of three wall segments with different configurations of vapour-permeable 
insulation-dimpled membranes were compared. The segments were subjected to a steady warm 
interior and cold and humid exterior climate for six months in a climate simulator. The weight 
changes, precipitated condensation, and temperature data were monitored. Paper 4 focused on 
the basement walls and the effect of outward drying. The study included numerical heat-air and 
moisture transfer simulations of concrete wall segments (from Paper 3) and long-term 
hygrothermal simulations of thermally insulated basement walls subjected to seasonal 
temperature and RH variations. The effects of different positions of the dimpled membrane and 
different concrete characteristics on the drying performance were compared. Furthermore, the 
effect of interior vapour barriers on the drying performance was evaluated.  
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2. Theoretical framework  

2.1. Challenges to the modelling approach 

The term building physics refers to the application of the principles of physics to the built 
environment. It includes the study of the transfer of heat, moisture, and air between indoor and 
outdoor environments. Mathematical equations expressing physical laws, such as Fick's law of 
diffusion, Fourier's law of heat conduction, and Darcy's laws for water and air flow in porous 
systems, can be used to describe the heat, air, and moisture transfer in building materials and 
components. When these equations are combined with the equations for the conservation of 
momentum, mass, and energy [8], a set of partial differential equations that describe the laws 
of physics for space and time-dependent descriptions is obtained [9]. The combination of 
several laws used to describe multiple, simultaneous physical phenomena of a system is called 
multiphysics [10]. 
 
Mathematical models can provide analytical solutions only for special cases (such as for certain 
combinations of simple transfer equations, boundary conditions and configuration geometries). 
However, modern numerical methods for solving partial differential equations can handle 
nonlinear problems and complicated geometries by providing approximate solutions to well-
posed mathematical models. In other words, a numerical model for the described system can be 
obtained by discretising a mathematical model [10]. 
 
In building physics, numerical simulations are widely used to predict the hygrothermal 
performance of building materials, components, and entire buildings. Although large-scale in 
situ experimental examinations may provide realistic results, the costs may often be a limiting 
factor, and the measurements may often cover only small aspects of the real problem. Numerical 
simulations are thus a valuable tool for assessing and understanding complex building 
psychological processes and may be used prior to experimental examinations and in 
combination with measurement results. However, as described by several authors [11–14], a 
large number of hygrothermal tools are currently available. The tools vary in their degrees of 
mathematical sophistication and runtime requirements, that is, they are based on different 
mathematical models (physical descriptions), use different driving potentials, and utilise 
different numerical methods for space and time discretisation. 
 
The commercially available tools WUFI®Pro and WUFI®2D are widely used by Nordic 
consultants and researchers to investigate coupled heat and moisture transfer in building 
components. The software utilises a simple and accurate modelling approach, the partial 
differential equations for heat, moisture transfer described by Künzel [15], and a finite volume 
technique for discretisation. However, WUFI® does not consider heat and moisture transfer 
owing to air flow, which has a significant impact on the building component performance. In 
addition, WUFI® does not feature three-dimensional modelling. Obtaining the solutions to 
partial differential equations (within a reasonable amount of time and computational costs) can 
be challenging, depending upon the type of equations, number of independent variables, 
boundary conditions, material properties and initial conditions [16]. In particular, consultants 
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in the field of building science consider detailed two- and three-dimensional hygrothermal 
simulations of building components over long-term periods computationally expensive. 
 
Powerful commercial solvers, such as COMSOL Multiphysics®, Fluent®, and ANSYS-CFD, 
are used to investigate the coupled heat and moisture transfer in porous media, including heat 
and moisture transfer by air flow and complex geometries up to three dimensions (e.g. [16–
20]). However, advanced models require expertise and resources. In addition, climate data, 
boundary conditions, and material properties tailored to building physics (available through 
dedicated software such as WUFI® or DELPHIN) are not predefined and need to be 
incorporated into the solvers. 
 
The motivation behind this study was to explore the applicability of advanced simulation tools 
(e.g. COMSOL) and perform long-term hygrothermal simulations to investigate the air flow in 
building components. In terms of building physics, the heat and moisture transfer in walls and 
floors in basements requires investigation. Basement walls consist of many layers of materials, 
and the optimal positions of the different barrier layers for optimal airtightness, radon, and 
moisture are disputed. In addition, considering the complex and varying exterior temperature 
and moisture conditions below grade, multiphysics solvers are the most appropriate tools for 
analysis.  

2.2. Thermally insulated basement walls 

Several noteworthy studies have focused on thermally insulated basements. Goldberg and 
Harmon [21] conducted a comprehensive large-scale experiment to investigate the moisture 
durability of basement walls retrofitted with interior insulation solutions. Straube [22] 
investigated interior insulation systems through in-situ measurements and hygrothermal 
simulations. Fedorik et al. [23] investigated the various refurbishment strategies for basement 
walls using hygrothermal simulations. Saber et al. [24] showed that air gaps in basement walls 
can be utilised to improve the thermal performance, and Blom and Holøs [25] evaluated the 
drying performance of internally insulated basement walls. However, these studies mainly 
focused on the performance of the interior insulation systems. They did not assess the effect of 
exterior vapour-permeable thermal insulation or the position of the dimpled membrane on the 
drying ability.  

2.3. Outward drying through vapour-permeable thermal insulation 

Improving the drying ability of basement walls is advantageous because high RH/moisture 
content in the basement walls may lead to the growth of mould and rot fungi and structural 
decay. Furthermore, high RH is detrimental to the thermal performance of the basement 
envelope [26–29]. However, the extent of the effect of permeable insulation on the outward 
drying ability is uncertain because there are many factors that affect the drying rate, such as the 
thickness and permeability of the exterior insulation, amount of interior insulation, and indoor 
temperature. Furthermore, the effect of the air flow through the air gap behind the dimpled 
membrane on the outward drying ability also requires evaluation.  
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Some existing studies have investigated the effect of outward drying of basement walls on the 
overall drying performance using vapour-permeable thermal insulation. Blom [30] measured 
the RH, moisture content, and temperatures of six different concrete basement wall designs in 
a small test house. The results did not show any significant increase in the drying effect for 
walls with exterior vapour-permeable thermal insulation compared with conventional walls. 
 
Geving et al. [3] performed field measurements of the desiccation of two basement walls 
retrofitted with exterior vapour-permeable thermal insulation on the exterior side. The concrete 
wall, which was built in 1920, exhibited no drying after the first seven months. Instead, an 
increase in the moisture content of the lower part of the wall was observed. According to Geving 
et al. [3], this can be attributed to the low temperature of the unheated basement. Similarly, a 
"hollow brick wall" built in 1930 did not show any signs of drying over a period of 19 months. 
In this case, the average indoor temperature in the basement was 15°C. According to Geving et 
al. [3], the lack of drying can be attributed to the high moisture level of the bricks, perhaps up 
to capillary saturation, which requires a long time to reach the hygroscopic range.  
 
Subsequently, Geving et al. [3] performed hygrothermal simulations of the desiccation of old 
wetted concrete basement walls retrofitted with vapour-permeable thermal insulation on the 
exterior side. The hygrothermal simulations were performed for a two-dimensional vertical wall 
section (above and below grade) using WUFI®2D [31]. The results showed that the walls with 
vapour-permeable exterior insulation (EPS, μ = 4.4) dried faster and had a lower moisture 
content at equilibrium than the walls with less permeable insulation (traditional design). The 
results also validated that the drying rate depended on the indoor temperature, thickness, and 
position of the thermal insulation. Additionally, it was observed that the drying ability improved 
significantly when all thermal insulation was positioned on the exterior side. Moreover, using 
interior insulation or interior cladding decreased the outward desiccation. It was observed that 
increasing the thickness of the exterior insulation increased the outward desiccation effect; 
however, this effect was observed only up to an insulation thickness of approximately 100 mm. 
It was concluded that the desiccation increased because the temperature difference that drove 
the outward vapour diffusion increased. However, beyond approximately 100 mm, the vapour 
diffusion resistance of the EPS outweighed the increase in the temperature difference and 
increasing the insulation thickness decreased the desiccation effect. The impact of the insulation 
thickness was studied further by Lund [32] using the same simulation method as Geving et al. 
[3]. However, in contrast to Geving et al. [3], the study focused on new concrete structures 
containing moisture from casting. The results indicated that the optimum thickness for the 
exterior wall insulation was between 50–100 mm for the vapour-permeable insulation (μ = 4.4) 
and approximately 50 mm for the semi-permeable variants (μ = 50).  
 
Pallin [33] used hygrothermal simulations to investigate the effects of outward drying of 
concrete basement walls retrofitted with exterior vapour-permeable thermal insulation for the 
climate of Gothenburg, Sweden. It was observed that the outward drying was slow, and only 
approximately 6 to 8 kg/m2 of moisture in the wall could be dried annually. Note that the rain 
loads that directly hit the ground or drain from the upper wall surfaces can accidentally penetrate 
the drainage/insulation board; this can lower the expected drying potential. Therefore, Pallin 
[33] suggested replacing the landscape fabric with a water vapour barrier to increase the drying 
potential. 
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The impact of the air flow through the air gap behind the dimpled membrane is difficult to 
predict. The simulations performed by Geving [3], Pallin [33], and Lund [32] did not consider 
a dimpled membrane on the exterior side of the exterior insulation.  

2.4. Position of the dimpled membrane 

Dimpled membranes/sheets are designed to provide capillary breaks and vertical drainage, as 
illustrated in Figure 6. Few studies have focused on the ventilation and outward drying through 
the air gap of the dimpled membranes used on the exterior side of the basement walls. Some 
studies have investigated the exterior air gaps in above-grade walls. Although the scope of these 
studies is different, aspects of their findings are applicable to the present work.  
 
Straube [34] performed a laboratory experiment to investigate the role of small gaps in 
ventilation drying and the gap size required to ensure drainage. According to the results, 
ventilation drying could play a role in small gaps of approximately 1 mm at a pressure 
difference of only 1 Pa. Straube and Smegal [35] continued their study and investigated the 
applicability of one-dimensional simulation models with source and sink enhancements to 
simulate the hygrothermal performance of wall systems with drained and ventilated air gaps. 
Their study also demonstrated the challenges of modelling the real moisture storage of air in 
the air gap and the moisture retained on the drainage gap surfaces.  
 
Finch and Straube [36] investigated the drying of the ventilated claddings in above-grade 
exterior walls. They observed that the probable range of ventilation rates depended on the 
cladding type, cavity dimensions, and venting arrangement and was determined by the thermal 
and moisture buoyancy and wind pressures. They proposed that the vent openings should be as 
large as possible and unobstructed to ensure optimal drying.  
 
Straube et al. [37] performed field studies of wooden-framed wall systems clad with bricks or 
vinyl siding. They observed that the drying rates varied significantly under different weather 
conditions, and the ventilation increased the drying potential of some walls. Furthermore, solar-
driven vapour diffusion redistributed the vapour from within the wall to the interior (where it 
caused damage). The ventilation reduced the magnitude of the flow.  
 
Rahiminejad and Khovalyg [38] reviewed the ventilation rates in air gaps behind the cladding 
of above-grade walls. They reported that the stack effect and wind effect are the two major 
mechanisms driving the air flow in ventilated air spaces. For basements, solar radiation may be 
most influential at the part of the walls above grade [33]. The wind effect may be less significant 
than in walls above grade; however, the stack effect may be more important because of the 
temperature difference between the top and bottom of the walls. 
 
As described in Section 2.1, the effects of the basement walls drying outward and those of the 
position of the dimpled membranes on the drying rates need further investigation. If vapour 
condensation occurs within the air gaps behind the dimpled membrane, as illustrated in 
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Figure 6, the moisture should be able to drain down below the building. The bottom opening of 
the air gap should thus not be completely blocked. If blocked, moisture may accumulate within 
the thermal insulation. If not completely blocked, the air gap may be slightly ventilated. Thus, 
some moisture may be ventilated out owing to the air exchange with air in the backfilling. Thus, 
it can be concluded that the outward drying achieved by the two configurations presented in 
Figures 4 and 5 is dependent on the air exchange between the air gap and the air within the 
backfilling. The amount of this air exchange is, however, uncertain and difficult to predict. 
 
The Norwegian recommendations introduced in 2015 were not sufficiently substantiated by the 
current research. However, before initiating large-scale in situ experimental examinations, the 
effect of the outward drying of basement walls should be investigated further through numerical 
simulations.  

2.5. Predicting heat and moisture transfer in building components 

Numerical simulations are widely used to predict the hygrothermal performance of building 
materials, components, and entire buildings. Although large-scale in situ experimental 
examinations provide more realistic results, they incur high costs, and the measurements may 
often address only small aspects of the real problem. Therefore, numerical simulations are a 
valuable tool for assessing and understanding complex building psychical processes and should 
be used prior to experimental examinations. 
 
The standard NS-EN 15026:2007 [39], defines the practical applications of the hygrothermal 
simulation software and specifies the equations to be used for calculating the one-dimensional 
transient heat and moisture transfer in multilayer building envelope components subjected to 
non-steady climate conditions. The prescribed equations are based on the conservation of 
energy and moisture. The mathematical expressions of the conservation laws are the balance 
equations.  
 
According to NS-EN 15026:2007 [39], heat transport inside materials shall be composed of 
sensible heat transport (calculated using Fourier's law and a moisture-dependent thermal 
conductivity) and latent heat transport. The heat flow from the surrounding environment into 
the building materials includes shortwave radiation (from the sun), long-wave radiation (from 
the sky and surrounding surfaces), and convection. Moisture is transported inside the materials 
via capillary forces and diffusion. The transport equations shall be formulated using the partial 
vapour pressure and the suction as the driving potentials. If the transport coefficients are 
transformed, and the suction and partial vapour pressures are handled in a way which makes it 
continuous across the interface between two materials, alternative potentials such as RH, 
moisture content and temperature may be used for the liquid transport. Factors influencing the 
liquid moisture transport at the contact surface between two material layers (e.g., small air gaps) 
may be described by an additional moisture resistance. At the exterior surface, coatings and 
paints can influence the water uptake and drying. An additional moisture resistance can be used 
to describe the impact on diffusion. The precipitation available for absorption and the amount 
of water which can be absorbed by the material at the surface, limit the uptake of driving rain. 
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The physical principles of heat and moisture transport were described by Künzel [15]. The 
primary objective of the study conducted by Künzel [15] was to develop a process to calculate 
the simultaneous heat and moisture transport in multi-layered components. The process could 
work with relatively simple storage and transport functions, and it was primarily derived from 
the standard material parameters. The following heat transport mechanisms were considered in 
the form of equivalent conductivities: thermal conduction, enthalpy flow through moisture 
movement with phase change, short-wave solar radiation, and long-wave radiation. The 
following moisture transport mechanisms were considered: capillary conduction, surface 
diffusion, and all the transport mechanisms for vapour transport. Note that the heat and moisture 
transport owing to air convection through joints and other leakages, seepage flow through 
gravitation, liquid transport through hydraulic flow, electrokinesis, and osmosis were not 
considered. According to Künzel [15], two independent driving potentials are necessary to 
calculate non-isothermal moisture transport. The potentials of temperature, vapour pressure, 
and relative humidity can be derived from the two independent variables, temperature, and 
relative humidity. Künzel [15] proposed that the aforementioned potentials were optimal for 
heat and moisture transport; this is because temperature and water content are only indirect 
moisture potentials (leading to relatively complex functions and resulting in transport 
coefficients, which are generally difficult to determine). Furthermore, the "capillary suction 
stress" of moist materials cannot be measured directly, and it cannot be defined for materials 
that are dry or not capillary active. Considering the above-mentioned factors, a closed 
differential equation system was developed to calculate the moisture behaviour of multi-layered 
building components under natural climate boundary conditions. The coupled equation system 
and numerical solution technique formed the basis for the commercial simulation tools 
WUFI®Pro and WUFI®2D [40].  

2.6. Predicting heat and moisture transfer in basements walls 

The tools WUFI®Pro and WUFI®2D are widely used by Nordic consultants and researchers to 
investigate the coupled heat and moisture transfer in building components. However, to 
thoroughly compare the effects of the two positions of the dimpled membrane, a simulation tool 
that includes moisture transfer by air flow is required, such as COMSOL Multiphysics®, 
Fluent®, or ANSYS-CFD. Some examples of studies concerning air flow in building 
components are provided in the reference section [17–20]. However, the use of more advanced 
models requires user expertise and resources [16]. 

The basement walls are different from the above-grade walls owing to the presence of soil and 
granular backfilling, as shown in Figure 7. The interior boundary conditions  may be determined 
according to the measured data or recognised procedures (e.g. NS-EN 15026:2007 [39], NS-
EN ISO 13788:2012 [41]. Similarly, the exterior above-grade boundary conditions may be 
determined according to measured data or recognised procedures (e.g. EN 15026:2007 [39]). 
However, determining the below-grade exterior boundary conditions can be challenging. The 
exterior below-grade RH may be set to 99% according to NS-EN 15026:2007 [39] and the heat 
loss from basements may be predicted according to the procedures proposed in NS-
EN ISO 13370:2017 [42]. However, Janssen et al. [43,44] compared the results obtained from 
coupled simulations (coupled equations for the soil heat and moisture transfer and the full 
formulations of the surface heat and moisture balances) with those obtained from linear thermal 
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simulations. The moisture contents in the linear thermal simulations were maintained at their 
respective yearly averages based on the coupled simulation (i.e., no moisture transfer was 
included; only thermal conduction was present). The comparison results showed that the 
coupled simulation, which included moisture transfer into the soil, yielded higher heat loss. 
Janssen et al. [38] concluded that the increased heat loss difference between the coupled and 
linear simulations cannot be regarded as insignificant, and the soil moisture transfer has an 
indisputable influence on building heat loss via the ground. Therefore, the impact of soil 
moisture transfer on the hygrothermal performance of basement envelopes requires further 
investigation.  
 

 
Figure 7. To investigate the heat and moisture transfer in basement walls, novel methods for 
determining the exterior below-grade boundary conditions are required.  

2.7. Cold climates  

In this thesis, geographical locations with average temperatures below 0°C during the coldest 

months are defined as locations with a “cold climate”. 
 
The Köppen-Geiger climate classification system categorises different climate regions on Earth 
based on temperature [45,46]. The different climate regions can be divided into five main 
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groups with several types and subtypes. Thodesen et al. [47] identified the relevant Köppen-
Geiger climate classifications within the Nordic countries of Norway, Sweden, Finland, and 
Denmark. The three identified Köppen-Geiger subcategories and their corresponding locations 
within each country are shown in Figure 8. Sweden and Norway display all the three 
subcategories identified in the Nordic environment. Denmark (maritime temperate) and Finland 
(continental) can be classified as mono-climatic countries.  
 

 

Figure 8. Climate classification map for Nordic countries according to the Köppen-Geiger 
system – all cities above 100,000 inhabitants marked out (2016) [47]. 

 
According to the definition in this thesis, all locations classified within the subcategories D and 
E exhibit a “cold climate”. Locations categorised as subcategory C (maritime temperate 
climate) mainly represent a cold climate, but may also include locations that are too warm 
(between 0°C and 18°C during the coldest months).  

 

Subcategories:  

 
C: Maritime climate 
The average 
temperature is above 
10°C during the 
warmest months and 
between -3°C and 
18°C during the 
coldest months. 

 
D: Continental climate 
The average 
temperature is above 
10°C during the 
warmest months and 
below -3°C during the 
coldest months. 

 
 E: Polar climate  
The average 
temperatures are 
below 10°C during all 
12 months of the year.
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2.8. Relevance to Klima 2050 and climate changes   

The primary goal of Klima 2050 is to reduce the societal risks associated with climate changes 
and enhanced precipitation and floodwater exposure within the built environment. Although 
the water pressure on basement structures can be reduced by sufficient drainage, the basement 
envelope is still prone to high moisture strain in the form of high RH from soil/backfill, 
precipitation/stormwater, and water from snowmelt. As climate change entails frequent and 
intense events of heavy rainfall and rain-induced floods in many regions with cold climates 
[48,49], these loads are likely to increase in the near future. The moisture strain on a basement 
envelope may increase further if the stormwater management strategy involves the infiltration 
of surface runoff into the ground surrounding the building [50]. In addition, the ability of the 
building envelope to dry out is reduced if the soil surrounding the building is constantly wetted 
by rain. Furthermore, the duration of dry conditions may be reduced in the future owing to 
climate change. Moreover, higher annual temperatures owing to climate change also have a 
detrimental effect on the outward drying ability of basement walls.  
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3. Methodology 

3.1. Scoping literature reviews 

The purpose of the first part of the thesis (Paper 1 and 2) was to chart the available literature 
on thermally insulated basement envelopes. For the literature review, a literature search method 
known as scoping study was adopted. As described in [51], a scoping study is an approach for 
literature review that maps the extent of scientific research available on a specific topic through 
systematic searches in scientific databases.  
 
The method used for scoping studies in this thesis was based on the framework described by 
Arksey and O'Malley [51], which involved a six-step procedure: 1) identifying the research 
question, 2) identifying the relevant studies, 3) selecting the studies, 4) charting data, 5) 
collating, summarising, and reporting the results, and 6) consultation. In accordance with the 
framework described by Arksey and O'Malley [51], multiple databases were included in the 
search. ScienceDirect was selected as the main search engine for scientific papers and journal 
articles. Google Scholar was selected for complementary and broader searches (including 
results from additional scientific journals, scientific publications, and grey papers). The search 
terms (combinations of keywords) were carefully selected based on the main author's 
qualitative judgment and expertise. 
 
Several scoping studies were conducted during the various phases of this PhD project, focusing 
on the different aspects of basements and numerical simulations. The two most thorough 
literature reviews formed the basis of Paper 1 and 2. For a more detailed description of the 
search procedure, please refer to the respective papers. In addition to these two reviews, the 
development and use of models and software for evaluating the heat and moisture transfer in 
building applications (simplifications, equations, potentials, and boundary conditions) were 
investigated.  

3.2. Desktop studies 

A desktop study of recommendations was conducted in the Norwegian context to identify the 
primary challenges pertaining to moisture control in habitable basements. The object of the 
study was the SINTEF Building Research Design Guides [3], which provides authoritative 
guidelines for industry practice. The guidelines are comprehensive and cover almost all the 
categories of buildings. A sample relevant to the study was selected based on a detailed 
selection process. The selected design guides were reviewed. The selection process is illustrated 
in Figure 9. 



20 
 

 
 
Figure 9. Sorting process used for the content analysis.  
 

The desktop study results were presented as a table detailing the 10 key challenges and the 
Norwegian recommendations for moisture control in habitable basements, as shown in 
Appendix A in Paper 1. The table with Norwegian recommendations was used as a basis for 
collaboration with the international experts (described in Section 3.3). 
 
An additional desktop study was performed in Paper 2 to identify significant results from 
studies on hygrothermal simulations of walls in thermally insulated basements and slab-on-
grade structures. The 10 most comprehensive studies were identified through two scoping 
literature studies. The scoping studies involved the following steps: (1) identifying the studies 
concerning the hygrothermal performance of basement envelopes; (2) investigating the 
methods, numerical tools, assumptions, simplifications, and exterior boundary conditions used 
in these studies; (3) investigating the validation procedures for the measurements; (4) 
identifying the significant results that can be used for improving the hygrothermal numerical 
simulations. Note that these studies were typically more concerned with the outcome of the 
simulations rather than the simulation methodology itself. Therefore, in some cases, the 
description of the methodology was inadequate. 
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3.3. Collaboration with international experts 

The literature review in Paper 1 did not provide a sufficient knowledge base for elucidating the 
national recommendations for moisture control in habitable basements in cold-climate 
countries. Therefore, five leading experts in the field of building physics (building science) 
from countries with cold climates (Denmark, Sweden, Canada, Finland, and Estonia) were 
invited to provide detailed information on recommended building practices. The five experts 
were directly contacted, based on the network of supervisors, and requested to provide 
overviews of the main recommendations for moisture control in their country and relevant 
literature. The experts were asked to provide the following: 

1. The key elements and recommendations for achieving optimal moisture safety for 
habitable basements in new buildings in their country. 

2. One or two detailed figures that exemplify the practical application of these 
recommendations. 

3. A concise description of the use of basements in their country. 

The experts were provided with the Norwegian exemplification of the above-mentioned 
information. All experts, except for the one from Finland, provided the required information. 
Subsequently, the recommendations from the four cold climate countries were compared with 
the Norwegian recommendations for each of the 10 key challenges. This comparison formed 
the basis for the investigations of moisture control strategies for habitable basements, which 
have been reported in Paper 1.  

3.4. Laboratory experiment 

 
General approach 
Paper 3 reports the development of a novel experimental method. The primary objective of the 
experiment was to investigate the outward drying of thermally insulated basement walls and 
generate data for the validation of the hygrothermal simulations. A method was developed to 
compare the drying performance for two different positions of the dimpled membrane 
(illustrated in Figure 4 and 5) and two types of vapour-permeable EPS. A laboratory experiment 
was conducted instead of field measurements to ensure a thorough investigation of the outward 
drying and ascertain the most influential parameters before initiating long-term field 
measurements. Note that it may be easier to validate hygrothermal simulations using data 
collected under stable and equal climate conditions than under natural weather conditions.  

 
In addition, the following considerations were made: 1) field measurements can be 
time-consuming because the conditions favourable for outward drying are only present during 
sufficiently cold periods. Thus, the measurements may require several years; 2) moisture 
content measurement devices and RH-sensors (e.g. moisture content electrical readings used in 
wood plugs in the concrete) have a limited accuracy above the hygroscopic moisture range of 
95–98% RH; 3) irrespective of the accuracy of the RH values, the sensors may not endure the 
humid climate prevalent at below-grade levels; 4) the measurements should preferably be 
conducted on newly built basement walls to avoid uncertainties related to the initial moisture 
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content, insufficient drainage, air leakages, and capillary transfer of moisture through the 
foundations.  
 
The drying performance of two wall segments with vapour-permeable insulation and exterior 
dimpled membranes was compared with that of a segment with a dimpled membrane positioned 
between the concrete and exterior insulation. The wall segments were subjected to a steady 
warm interior and a cold exterior climate using a climate simulator. The changes in weight, 
precipitated condensation, and temperature data were monitored for six months. A general 
overview of the experimental setup and the diagrams of the wall segments are presented in 
Figure 10.  
 

 
Figure 10. General overview of the experimental setup. The three wall segments were hung in 
the load cells in an insulated wooden frame and subjected to warm interior and cold exterior 
climates in a climate simulator for six months. 
 
Experimental setup 
Much effort has been devoted to the development of the research test setup. Hygrothermal 
simulations were performed in WUFI®Pro to 1) predict the potential drying of the concrete wall 
segments and 2) determine the applicability of the load cells to monitor the weight changes. 
Document studies were conducted to investigate and document the properties and applicability 
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of the materials and products used in the experiment. Special emphasis was placed on 
determining the required properties of the standard and vapour-permeable EPS and the type of 
concrete used in the wall segments.  
 
The overall size and composition of the wall segments were determined to 1) achieve drying 
within a limited amount of time using the climate simulator and 2) ensure appropriate initial 
weight. The size, dimensions, and composition of the wooden frame were determined to 1) bear 
the weight of the concrete wall segments, 2) fit the opening in the climate simulator between 
the cold and warm chambers, and 3) achieve sufficient airtightness between the chambers.  
 
To ensure accurate weight measurements of the dried-out moisture, the wall segments were 
hung freely in the suspended load cells in the wooden frame. Thus, the attachments between 
the load cells and wooden frame and those between the load cells and concrete wall segments 
were custom made to enable adjustments vertically and horizontally after mounting. A method 
was developed to enable the wall segments to hang freely while still maintaining airtightness. 
In addition, the method reduced the impact of the thermal bridges on the transition between the 
wall segment and the wooden frame. Diagrams of the wall segments showing the dimensions 
and material configurations, along with one wall segment positioned in the wooden frame, are 
shown in Figure 11. More details regarding the development and execution of the laboratory 
experiment can be found in [52] and Klima 2050 Note 136 [53], supplementing Paper 3.  
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Figure 11. Diagrams of wall segments showing dimensions, material configurations, and one 
wall segment positioned in the wooden frame. 
 

Experiences and challenges with the experimental method 
The suspended load cells used to monitor the weight changes of the wall segments had a load 
capacity of 220 kg and an accuracy of 20 g. The applied load cells were observed to be well-
suited for monitoring the wall weight changes. Note that the wall segments weighed 
approximately 150 kg, and the changes in weight were less than 1.3 kg. However, the wall 
segments were relatively sensitive to temperature fluctuations. Because the temperature in the 
climate simulator was not constant, some fluctuations in the monitored weights were observed.  
 
Owing to freezing of the cooling pipes, RH in the exterior climate chamber could not be ~100% 
as intended, while maintaining a low temperature (below 5°C). Therefore, several test runs were 
conducted, and a temperature of 5°C and 80% RH were achieved by defreezing the pipes for 
30 min each day. There were several challenges that had a detrimental effect on the stability of 
the climate simulator and measuring equipment. Thus, there were short periods of 
unconditioned climate in the interior and exterior chambers. 
 
Operational challenges related to defrosting, humidification, temperature control, power 
outages, and logging made it difficult to run the experiment for long periods with stable 
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conditions. An advantage of this experimental method was that the walls were tested 
simultaneously. Thus, the walls were subjected to the same climate, ensuring comparable 
results.  

3.5. Numerical simulations 

 
General approach  
Numerical simulations were performed in Paper 4. The primary objective of the numerical 
simulations in Paper 4 was the same as that of the laboratory experiment in Paper 3, i.e., to 
investigate the outward drying of thermally insulated basement walls. Numerical simulations 
were also performed to investigate the outward drying achieved by the wall segments in the 
laboratory experiment presented in Paper 3. The simulations were performed in three steps, 
referred to as Steps 1, 2, and 3, as shown in Figure 12 and 13. The purpose of the first two steps 
was to examine the effect of the dimpled membrane on the outward drying of the concrete wall 
segments and create input and data for the third and final step, which was a full-scale long-term 
simulation of a basement wall.  
 
In Step 1, one-dimensional hygrothermal simulations were conducted to investigate the 
influence of the vapour permeability of the EPS, concrete characteristics, and position of the 
dimpled membrane (exterior or medial) on the outward drying of the concrete wall segments. 
First, the wall segments were studied by omitting the dimpled membrane from the simulations. 
Second, the influence of the air exchange behind the dimpled membrane was investigated for 
the exterior and medial positioning of the dimpled membrane. In Step 2, more advanced two-
dimensional air flow models were established to further investigate the air flow in the air gap 
behind the dimpled membrane. The effect of the exterior and medial positioning of the dimpled 
membrane was investigated for different air gap opening thicknesses (2–5 mm) and two types 
of concrete. In Step 3, the effect of the outward drying of the concrete wall segments on the 
overall long-term moisture performance was investigated. Based on the input from Step 2, the 
exterior-dimpled membrane was omitted from these simulations. Subsequently, the basement 
walls were compared for the same climate location (Oslo). The boundary conditions are shown 
in Figure 14. Below grade, the RH was set to 99% according to NS-EN 15026 [39] and the 
variation in temperature was determined using a separate heat transfer simulation, as illustrated 
in Figure 14. 



26 
 

  

 

 

Figure 12.  
Steps 1 and 2 were 
performed to investigate the 
outward drying of the 
concrete wall segments 
from the laboratory 
experiment described in 
section 4.4. The effect of 
two different positionings of 
the dimpled membrane 
(DM) was compared.  

Figure 13.  
Step 3 was performed 
to investigate the  
long-term moisture 
performance of the 
basement walls. 
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Figure 14. Boundary conditions used in Step 3 and illustration of the procedure of obtaining 
the below-grade temperature boundary conditions.  
 
Simulation tools 
The one-dimensional simulations in Step 1 were conducted using WUFI®Pro. WUFI®Pro is a 
commercially available tool previously used by the authors of this thesis. Note that it is widely 
used by researchers and consultants in the building industry to evaluate the moisture conditions 
in building envelopes [40]. The air flow through the air gap behind the dimpled membrane was 
modelled using a generic air layer and different air exchange rates.  
 
The two-dimensional simulations in Steps 2 and 3 were conducted using COMSOL 
Multiphysics® [54] and the heat transfer and subsurface flow modules. COMSOL 
Multiphysics® was selected based on a thorough investigation of the available software, 
physical models, and methods adopted in the existing literature. The investigation was 
conducted as a scoping study, as described in Section 3.1. 
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Runtime and convergence 
Note that as numerical models become larger and more complex, more computing resources 
are required to run the models efficiently. Improving the numerical settings and numerical 
model (geometry, mesh, boundary condition, initial conditions) may also significantly improve 
the convergence and runtime. The one-dimensional simulations in Step 1 were performed 
without convergence failures. In contrast, the two-dimensional air flow simulations in Step 2 
experienced problems, especially as the height of the wall increased and the air gap openings 
reduced. Sufficient convergence and improved runtime were achieved by removing the 
unnecessary details and improving the mesh refinement around the air gap openings. In the 
long-term simulations in Step 3, implementing the boundary conditions was challenging 
because the climate varied with the height of the wall, and the climate data consisted of hourly 
values. Animations were created from the temperature (T), RH, and moisture content (MC) 
plots to analyse the results. An area on the exterior side of the exterior insulation, at the border 
separating the above and below grade, was identified as the primary cause of error. Acceptable 
convergences and runtimes were achieved by 1) reducing the number of data points in the 
climate files, 2) using an interpolated graph to implement the climate data for one year and 
repeating the data with a mod-function at each boundary, and 3) using a piecewise interpolation 
of the material data instead of linear interpolation; this reduced the calculation time by half. 

3.6. Graphs and illustrations  

Figures 1–9 in Paper 1, Figure 1 in Paper 2, and Figure 1 in Paper 3 were first sketched in 
detail by the author and then professionally drawn using a CAD-operator. The remaining 
illustrations were developed by the author using PowerPoint and Excel [55] to combine the 
various combinations of the previously drawn figures, text, photographs, and illustrations made 
using SketchUp Make [56].  
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4. Main findings 

4.1. State of the art 

 
Moisture control strategies for basements 
As shown in Figure 15, an overview of the 10 main challenges related to moisture control in 
habitable basements was obtained from the thorough content analysis of the SINTEF Building 
Research Design Guides conducted in Paper 1.  

 
The 10 main challenges and corresponding Norwegian recommendations were combined in a 
table (see Appendix A in Paper 1). The Norwegian recommendations for habitable basements 
are shown in Figure 16.  

Figure 15. 10 main challenges in moisture control of habitable basements. 

1. Water from rain and 
snowmelt (including  
down-pipes). 

2. Water pressure on the 
exterior walls below ground. 

3. Water pressure against the 
construction owing to a rise 
of groundwater. 

4. Water from the terrain 
surface or ground that 
reaches the surface of the 
wall. 

5. Capillary rise of moisture 
from the ground through the 
floor and foundations. 

6. Transfer of water vapour 
from the ground through the 
floor 

7. Moisture condensation on 
the basement walls and 
drying capacity of the 
basement walls. 

8. Thermal bridges. 
9. Air leakages (moist air and 

radon gas) from the ground 
to the structure and indoor 
air (walls and floor). 

10. High indoor moisture supply 
from drying clothes, 
cooking, and showering.    
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Figure 16. Main Norwegian recommendations for habitable basements. 
 
Most studies in the existing literature have primarily focused on the relatively narrow technical 
fields, thermal performance of basements, and certain damage cases; however, few studies have 
focused on the recommendations for new habitable basements (see Table 1 Paper 1). 
Considering the gaps in the existing literature, it can be concluded that further investigation is 
required to evaluate the moisture control strategies. Therefore, the author collaborated with 
international experts. The 10 main challenges and Norwegian recommendations were compared 
with the challenges and national recommendations of the other cold climate countries, such as 
Denmark, Sweden, Estonia, and Canada. A full description of the international 
recommendations is provided in Appendix A of Paper 1. Based on the input from the four 
international experts, figures illustrating the main recommendations for the habitable basements 
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were developed. To illustrate the diversity in the recommendations for the design of basement 
envelopes, small versions of these figures are shown in Figure 17. Full-size figures, which 
include the main recommendations, are presented in Paper 1.  

   
 

   
 
Figure 17. Examples of the designs of habitable basements according to the national 
recommendations in Canada (upper left), Sweden (upper right), Denmark (lower left), and 
Estonia (lower right).  
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To evaluate the international recommendations for basements, the 10 key challenges and 
corresponding Norwegian recommendations were used as a basis. The recommendations from 
the other cold climate countries were rated relative to the Norwegian recommendations and 
classified as more or less moisture safe, equal, contradicting, or lacking, as shown in Figure 18.   
 

 

Figure 18. Main national building recommendations for habitable basements in cold climate 
countries (red, blue, yellow, and purple) compared with Norwegian recommendations (grey at 
level 0) for each of the 10 key challenges (#1–10, see Figure 15). The recommendations are 
sorted as the same as Norway (level 0), more moisture safe (level 1), less moisture safe (level 
−1), contradicting (level 2), or lacking (level −2). For each key challenge, the figure shows if 
the main recommendations are mainly equal (cyan circle), equal but varying (blue circle), or 
contradicting (red circle). 
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Similar but varying recommendations pertaining to ground surface slopes, drainage layers, 
drainage pipes, capillary breaking layers on floors, avoiding thermal bridges, airtightness, and 
ventilation were noted. The key differences pertained to the exterior damp proofing of the walls, 
the use and position of the dimpled membranes and vapour barriers, and the use of vapour-
permeable thermal insulation. The primary inference was that different countries emphasize the 
10 key challenges differently. Although the recommendations had many similarities, the 
weighting (or prioritizing) distinguishes the five countries’ moisture control. Note that if a 
waterproof membrane is used on the exterior side, exterior drainage is prioritised less. If a 
sufficient drainage system is applied (i.e., a surface slope away from the building, draining 
backfill, and capillary-braking exterior thermal insulation), the exterior side of the wall can be 
kept diffusion open to enable outward drying.  
 
Hygrothermal simulation of basement envelopes 
Paper 2 investigated the applicability of the numerical simulations to the evaluation of the 
moisture performance of thermally insulated basement envelopes. Twenty-four relevant studies 
were identified through a scoping literature survey and were reviewed. Subsequently, 
significant data were obtained from the detailed review of the 10 most influential studies. 
Among the 10 studies, four studies investigated the hygrothermal performance of the basement 
walls, three studies investigated the heat and moisture transfer in the soil domain, and three 
studies primarily focused on the thermal performance of the basements but considered the 
varying moisture content in the soil.  
This literature review provided an overview of the state-of-the-art hygrothermal simulation 
methods applied to the evaluation of the moisture performance of the basement envelopes. The 
following significant data were obtained. 

1. The one-dimensional simulation results of the basement walls for three different wall 
heights showed a lack of correspondence with the measurement results. The near-grade 
location exhibited the largest deviation (Straube [22]). 

2. Including the soil moisture transfer in the ground (fully coupled two-dimensional 
simulations) increased the heat loss (Janssen et al. [43] and Deru [57]). 

3. The difference between the coupled and linear simulations of heat loss was mainly 
attributed to (1) the greater amplitude of the soil surface temperature, (2) the variation of 
the thermal conductivity with moisture content, and (3) the advection of sensible heat by 
liquid moisture transfer (Janssen et al. [43]). The difference increased with less insulation 
(Janssen [58]). 

4. The high moisture content in the soil domain limited the applicability of the two-
dimensional hygrothermal simulation tool WUFI®2D (Goldberg & Harmon [21]). 
Furthermore, the high moisture content often caused unstable convergence using DELPHIN 
5.8 (Fedorik et al. [23]).  

5. The transfer of heat and moisture in the soil observed using hourly data was approximately 
the same as that observed using daily average climate data  (Janssen et al. [43]). 

6. The below-grade hygrothermal boundary conditions for basement envelopes should 
account for the following:  
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 advection of sensible heat by liquid moisture transfer (Janssen et al. [44]), Straube [22]  

 liquid uptake of precipitation on the soil surface (Pallin and Kehrer [43]);  

 moisture transfer at the lower boundary (infinite ground) (Pallin and Kehrer [43]);  

 heat and moisture coupling (Janssen et al. [43] and Deru [57]);  

 convection and evaporation at the surface of the Earth (Pallin & Kehrer [43]) (Zoras et al. 
[59]),  

 phase changes owing to freezing (Zoras et al. [59]), Deru [57] (Saaly et al. [60]), 

 snow cover (Pallin and Kehrer [43]; Zoras et al. [59]), and  

 inefficiencies associated with the inevitable multi-year simulations, which are needed to 
approximate realistic initial conditions (soil temperature and moisture fields) (Zoras et al. 
[59], Dos Santo & Mendes [61]). 

7. High RH (RH ≈100% ↔ w<0.5% by weight) has been observed in the drainage layers 
below the slabs (Rantala & Leivo [62]) 

8. Solar radiation should not be neglected when considering the drying-out capacity of 
basement walls, as solar radiation can cause inward moisture transfer (Pallin [33]). 

9. COMSOL Multiphysics® can be used for three-dimensional simulations of heat transfer 
from a basement, including variable thermal conductivity for the soil (Saaly et al. [60]).  

10. The hygrothermal properties of 12 different soil textures have been defined (Pallin & 
Kehrer [63]). 

The literature review documented a lack of thorough validation of the hygrothermal simulations 
of basements using full-scale physical measurements. Furthermore, the review highlighted the 
need for a recognised method/procedure to determine the exterior boundary conditions for the 
hygrothermal simulations, which can account for the varying below-grade influencing factors. 
The key uncertainties include the varying composition and moisture content of the soil, liquid 
uptake at the soil surface, transfer of precipitation, and computational costs.  
 
Below-grade exterior boundary conditions / knowledge derived from existing literature 
In the numerical simulations of the heat and moisture transfer in building components, the 
transfer occurs owing to the variations in the interior and exterior boundary conditions, initial 
conditions, and transfer and storage properties of the material layer(s) [64]. The below-grade 
exterior boundary conditions are challenging to include in the numerical setup; this is primarily 
because of the uncertainties associated with the heat loss to the ground (as described in Paper 
2), the varying conditions with the height of the below-grade basement walls, amount of 
insulation, and variation in the interior temperature. Considering these challenges, it can be 
concluded that the heat and moisture transfer simulations should be conducted for a building 
envelope and a large part of the earth surrounding the building simultaneously. However, the 
data obtained from the literature suggest that this approach would be inappropriate; this is 
because the mathematical descriptions most appropriate for the soil moisture transfer include 
the matric head as a driving potential. Note that the mathematical descriptions are accurate 
because the soil typically has a high moisture content, which occasionally dries [13]. 
Furthermore, the liquid transfer due to gravity should also be considered in the simulations. The 
most appropriate driving potential for building components, on the other hand, is RH because 
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the components are generally dry and only occasionally wetted by the liquid uptake of 
precipitation. Furthermore, the RH is continuous over the layers of different materials [13].  
 

4.2. Potential for outward drying  

 
Experimental approach 
Paper 3 presented a novel experimental method for monitoring the drying rates of basement 
walls. The drying rates of three concrete wall segments with different thermal insulation 
configurations and dimpled membrane positions were compared. The results showed that the 
drying behaviours of the three walls were similar. However, the observed drying rates were 
considerably less than the drying rates predicted by the simulations. Moreover, no condensed 
water was detected during the measuring period of six months. The weight changes of the three 
wall segments are presented in Figure 19 and 20. 
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Figure 19. Weight changes of the three wall segments during the measuring period of six 
months. The flattening exhibited by the three wall segments at the end of the measurement 
period was primarily due to the difficulties in maintaining the exterior chamber cold (5°C). 
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Figure 20. Weight changes of the three wall segments during the last four months of the 
measuring period. The graphs have been superimposed for comparison. 
 

From the results, it can be inferred that the ability of the concrete to transfer moisture to the 
drying surface affected the outward drying significantly. Furthermore, it was observed that the 
effects of the vapour permeability of the insulation and the membrane position were less 
significant. Therefore, it can be concluded that the moisture transfer properties of the concrete 
used in basements require further investigation to ensure a more accurate prediction of the long-
term moisture performance of thermally insulated basement walls. Numerical simulations 
performed by Asphaug et al. [65]  have previously shown that the concrete type has a significant 
impact on the moisture performance of facade systems for retrofitting based on concrete and 
thermal insulation.  Investigations by Knarud et al. [66] further illustrated the difficulties in 
predicting and/or measuring the capillary transfer properties of porous building materials. 
 
Numerical approach 
The numerical simulations in Paper 4 were conducted in three steps, as illustrated in Figure 12 
and 13 of section 3.5. From Step 1, it can be inferred that the concrete with a high liquid transfer 
coefficient and high vapour resistance (C35/45) dried faster than the concrete with a low liquid 
transfer coefficient and low vapour permeability (Masea), as shown in Figure 21. The concrete 
with low vapour permeability (Masea) dried faster at the exterior surface; however, the drying 
rate was slower deeper into the concrete owing to the low rate of capillary moisture transfer. 
The concrete with a high liquid transfer coefficient (C35/45) dried slower at the surface; 
however, a faster drying rate was observed deeper into the concrete, which resulted in an overall 
faster drying rate at high moisture content. The results also showed that the effect of the air 
exchange in the air gap behind the dimpled membrane needs further investigation. The outward 
drying of the concrete wall segments for different positionings of the dimpled membrane and 
different air exchange rates with the air in the cold and humid climate chambers are shown in 
Figure 22. 
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Figure 21. Simulation of the decrease in MC in the concrete wall segments over a measurement 
period of six months for thermal insulations with three different water vapour diffusion 
resistance factors (μ) and three concrete types. The air in the cold chamber was maintained at 
80% RH/5°C; the air in the war chamber was maintained at 20% RH/20°C.  
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Figure 22. MC decrease in the concrete wall segments for various air exchange rates in the air 
layer behind the dimpled membrane (DM). 
 
Figure 22 shows that for the exterior positioning of the dimpled membrane, the moisture in the 
concrete dried at the same rate regardless of the air exchange rate behind the dimpled 
membrane. However, the MC of the generic air layer was unrealistically high in the simulations, 
which suggests that condensation occurred. For the medial positioning of the dimpled 
membrane, the concrete dried slowly at low air exchange rates. Note that the results for the 
medial positioning were similar to the results for the exterior positioning for an air exchange 
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rate of approximately 10 / h. However, the air exchange rates are difficult to predict for slightly 
ventilated air gaps. Concrete C35/45 was used for these assessments. Thus, it can be concluded 
that concretes that dry slowly, such as Masea, would exhibit smaller differences between the 
drying rates for the two positionings of the dimpled membrane. 

 
The results from Step 2 showed that the concrete wall segment with a medially positioned 
dimpled membrane dried much faster at the bottom than at the top, whereas the wall segment 
with an exteriorly positioned dimpled membrane dried uniformly along its height. The results 
also indicated that the basement wall with an exteriorly positioned dimpled membrane exhibited 
a slightly reduced drying rate compared with the wall without the exterior dimpled membrane. 
Figure 23 summarises the predicted outward drying of the concrete wall segments for the two 
positions of the dimpled membrane and two bottom air gap openings.   
 
The exterior cold and humid chamber was conditioned to 80% RH instead of approximately 
100% as intended; this was primarily due to the freezing of the cooling pipes. Subsequently, 
the outward drying of the wall segments with 99% RH was compared with that of the wall 
segments with 80% RH, as illustrated in Figure 24. Note that the comparison was conducted 
for only one type of concrete (C35/45). Slightly slower drying rates were exhibited by the 
concrete in the wall segments for both positions of the dimpled membrane. Furthermore, higher 
moisture accumulation was observed on the exterior side of the thermal insulation.  
 
From the one-dimensional simulations, it can be inferred that the conditions for condensation 
were present in the air gap behind the dimpled membrane, even with 80% RH in the cold 
exterior chamber, as shown in Figure 22. This was also validated by the two-dimensional 
simulations that included the air flow through the air gap behind the dimpled membrane from 
the air in the exterior chamber, as shown in Figure 24 and 25. 
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Figure 23. Concrete wall segments with medially positioned dimpled membrane and two lower 
air gap openings (upper left and right), exteriorly positioned dimpled membrane and two air 
gap openings (middle left and right), and no dimpled membrane (lower left). The upper and 
lower graphs show the decrease in the RH at the five points in the upper and lower part of the 
concrete. The left and right plots show the RH and MC after two, four, and six months of drying. 
The graphs (lower right) show the decrease in the average MC of the concrete segments in the 
five illustrated situations during six months of drying. 
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Figure 24. Drying of the concrete wall segments in the laboratory experiment with 80% RH 
(upper) and 99% RH (lower). The concrete wall segments with medially positioned dimpled 
membrane (left) and exteriorly positioned dimpled membrane (right). The upper and lower 
graphs show the decrease in the RH at the five points in the upper and lower part of the concrete 
over six months of drying. The left and right plots show the RH and MC at two, four, and six 
months of drying. 
  

   
Figure 25. RH in the air gap behind the exteriorly positioned dimpled membrane.  
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Moisture performance of basement walls 
In Step 3, the long-term moisture performance of thermally insulated basement walls was 
investigated. Note that the dimpled membrane was omitted from these simulations based on the 
significant data collected in Step 2. The results showed that positioning more insulation on the 
interior side rather than the exterior side of the walls reduced the moisture performance of the 
basement walls significantly, as shown in Figure 26.  
 

 
Figure 26. The decrease in RH in the four monitoring points (at the intersection between the 
concrete and insulation) over 10 years (upper). Note that the y-axis span from 40 – 100 % RH. 
The MC and RH in a cross-section of the upper part of the basement walls after 10 years 
(lower). The position of the monitoring points and cross-section is illustrated in the upper 
sketches.  
 
The numerical simulation results indicated that positioning the dimpled membrane on the 
exterior side of the vapour-permeable thermal insulation facilitated outward drying. However, 
the overall drying effect depended on the type of concrete used. For the concrete with a slow 
drying rate, the effect of the vapour-permeable thermal insulation was less pronounced. 
Positioning the dimpled membrane between the concrete and exterior insulation is easier and 
can ensure better protection for the concrete and dimpled membrane. For the concrete with a 
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slow drying rate, placing the dimpled membrane between the concrete and external insulation 
facilitated outward drying when the air gap was slightly ventilated. When the bottom air gap 
openings were not blocked, this positioning also increased the drying of the lower part of the 
wall. 
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5. Discussion  

5.1. Existing literature 

Moisture control strategies for habitable basements 
The measurements performed by Blom [30] did not show any increased drying effect for the 
walls with exterior vapour-permeable thermal insulation compared with the walls built with a 
medially positioned dimpled membrane. Other studies pertaining to the outward drying by 
vapour-permeable thermal insulation primarily focused on the rehabilitation of basement walls. 
These studies did consider an exteriorly positioned dimpled membrane in the simulation 
models. In the existing literature, most studies have focused on the thermal performance of 
basements, relatively narrow technical fields, new material attempts, and building defects. 
Moreover, studies focusing on the moisture performance of thermally insulated basements were 
primarily concerned with the measures for rehabilitation purposes or walls with thermal 
insulation on the interior side of the load-bearing structure. Few studies have focused on the 
moisture control of basements with exteriorly insulated walls. Note that rehabilitation of 
basements entails greater challenges than building new well-drained basements. As the primary 
objective of this thesis was to identify strategies for new basements, studies focusing 
specifically on recommendations for rehabilitation were not targeted.  
 
To investigate the moisture control strategies, recommendations for habitable basements from 
four cold climate countries were compared with those for Norway. The recommendations 
exhibited various similarities. However, the recommendations differed in terms of the priority 
assigned to the different aspects of the moisture control strategies. Similar but varying 
recommendations pertaining to ground surface slopes, drainage layers, drainage pipes, capillary 
breaking layers on floors, avoiding thermal bridges, airtightness, and ventilation were also 
noted. The key differences pertained to the exterior damp proofing of walls, the use and position 
of dimpled membranes and vapour barriers, and the use of vapour-permeable thermal 
insulation. A novel aspect of this thesis is that it illustrates the diversity in the design of 
basement envelopes. A more accurate evaluation of the recommendations can be performed by 
consulting more experts.  
 
Hygrothermal simulations of walls and floors in habitable basements 
The literature review of the studies on the hygrothermal simulations of the walls and floors of 
basements included both new and old buildings. However, no recognised method to determine 
the exterior boundary conditions of the below-grade basement walls and floors was found in 
the existing literature. Existing studies have applied various approaches; however, the results 
obtained from the existing studies illustrated that the soil surrounding the buildings requires a 
thorough investigation. The key uncertainties included the varying composition and moisture 
content of the soil, liquid uptake at the soil surface, and transfer of precipitation. Computational 
costs were also identified as a challenge in this context. The experimental work in [21] 
illustrated the challenge of validating simulations with measurements for below-grade 
structures. More relevant existing research focusing on the modelling of soil moisture may be 
found in the soil science literature; however, this was beyond the scope of the present study.  



46 
 

Owing to the aforementioned challenges, it can be concluded that the heat and moisture transfer 
simulations should be conducted for the building envelope and a large part of the earth 
surrounding the building simultaneously. However, significant data gathered from the literature 
suggest that this approach would be inappropriate owing to the different mathematical 
descriptions used for soil moisture transfer and multi-layered building components.  

Hence, a more advanced soil moisture transfer model is required to thoroughly investigate the 
impact of various soil factors on the hygrothermal performance of basements envelopes. 
However, the local climate and annual temperature variations are likely to have a more 
significant impact on the outward drying performance. This is because the moisture transfer in 
basement envelopes is a slow process associated with a large number of uncertainties. 
Therefore, it can be concluded that a detailed description of the smaller fluctuations in the 
exterior temperatures might be inconsequential. In a new building, the material in close contact 
with the basement is primarily gravel. Hence, the air transfer within this part requires a more 
thorough investigation. 

5.2. Outwards drying of thermally insulated basement walls 

Outward drying of concrete wall segments 
The measured weight decreases of the three concrete wall segments in the laboratory study were 
similar and considerably smaller than those predicted prior to the experiment. Surprisingly, no 
drained condensation was detected during the experimental period. Note that although the RH 
in the exterior chamber was 80% instead of 99%, the simulations indicated that there would be 
conditions for condensation within the gaps. 

The numerical simulations demonstrated that the type of concrete had a significant effect on 
the drying behaviour of the concrete wall segments. Note that the concrete in the experiment 
(B30M60 0.25 % red. Cl 0.10, w/c = 0.54) was selected to represent conventional concrete used 
in basement walls. However, a slightly higher water/cement ratio was used to ensure slightly 
faster drying during the limited experimental period (a higher water/cement ratio entails higher 
liquid transfer). Thus, the concrete used in real concrete basement walls might dry even slower, 
and the hygrothermal simulations could have overestimated the potential for outward drying. 
This observation is of particular significance for future long-term measurements of basement 
walls. Moreover, this demonstrates the need for additional data on the moisture transfer 
properties of concrete used in basement envelopes.  
 
The difference between the total drying exhibited by the two types of concrete decreased as the 
vapour resistance of the exterior thermal insulation increased. This indicates that the difference 
between the drying of the walls could have been larger if the difference in the vapour-permeable 
thermal insulation had been larger. The water vapour resistance factor (μ-value) of the vapour-
permeable thermal insulation and standard EPS was unknown prior to the experiment. 
Subsequently, it was measured to be 8.2 and 27.9, respectively. The vapour-permeable EPS 
used in the experiment is used for both walls and floors in basements. Note that 
vapour-permeable EPS intended for only walls may have obtain a lower water vapour resistance 
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factor. Future long-term measurements focusing on outward drying should consider using more 
vapour-permeable EPS or mineral wool boards. 
 
The two-dimensional simulations of the air flow through the air gap behind the dimpled 
membranes may explain the similar weight changes exhibited by the wall segments. The 
concrete wall segment with a medially positioned dimpled membrane dried much faster at the 
bottom than at the top, whereas the wall segment with an exteriorly positioned dimpled 
membrane dried uniformly along its height. The concrete wall segment with a medially 
positioned dimpled membrane exhibited relatively slower drying when the bottom air gap 
opening was reduced from 5 mm to 1 mm. The wall segment with an exteriorly positioned 
dimpled membrane was less affected by the changes to the bottom air gap opening; however, 
more moisture accumulated in the exterior parts of the exterior thermal insulation. Thus, the 
impact of the moisture content in the exterior thermal insulation on the thermal performance of 
basement walls requires further investigation.  

Note that a thorough investigation is required to elucidate the conditions for moisture 
condensation in the air gaps behind the dimpled membranes. Furthermore, the effect of 
condensation on the outward drying performance of real basement walls also requires 
investigation. Hence, future measurements of the drying performance of real basement walls 
should include the effect of different temperatures between the top and bottom parts of the 
walls. For the medial positioning of the dimpled membrane, the bottom air gap opening should 
be used to enable drying by air flow. For the exterior positioning of the dimpled membrane, the 
bottom air gap opening should be used to facilitate the drainage of the condensate moisture to 
the ground below without moistening the footing.  

Long-term simulation of thermally insulated basement walls 
The simulated concrete wall segment with an exteriorly positioned dimpled membrane 
exhibited a slightly slower drying rate compared with the wall without a dimpled membrane. 
The impact of the dimpled membrane on the drying performance of full-scale basement walls 
depends on the air gap openings and realistic rate of air flow. Ideally, the dimpled membranes 
and air gaps would have been included in the full-scale simulations of the basement walls to 
fully compare the effect of the two positionings. However, this was difficult with the present 
model because of the complexity of the boundary conditions. Optimization the model to include 
the dimpled membrane is part of future works.  
 
To investigate the impact of outward drying on the moisture performance of the basement walls, 
long-term simulations were conducted by omitting the exterior dimpled membrane. Note that 
only one climate location (Oslo) was considered in the simulations. Therefore, locations with a 
higher annual mean temperature may yield less outward drying; this will be included in future 
works.  
 
The moisture performance of the basement walls with EPS formwork (Ex. 1) was compared 
with that of the basement walls with vapour-permeable exterior insulation (Ex.  2). These two 
examples represented commercially used basement walls. Compared with Ex. 1, a relatively 
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greater difference between the characteristics of the two types of concrete with and without a 
vapour barrier was observed in Ex. 2. Note that Ex.2 exhibited a lower interior RH than Ex. 1 
after 10 years for the fastest drying concrete (C35/45) and an interior vapour barrier. In contrast, 
for the Masea concrete, Ex. 2. exhibited a higher RH on the interior side, even up to 100% in 
the first year. The results demonstrated the need to further investigate the span of the moisture 
properties of the conventional concrete used in basement walls. Moreover, the results 
demonstrated that the thickness and permeability of the interior and exterior wall parts had a 
significant influence on the moisture performance. Note that the thermal insulation should be 
positioned on the exterior side for optimised outward drying solutions for rehabilitation 
purposes. Furthermore, placing the thermal insulation on the exterior side can ensure more use 
of organic materials (such as wood) in new buildings.  

5.3. Numerical simulations 

The main motivation behind this thesis was to explore the applicability of advanced simulation 
tools to perform long-term hygrothermal simulations and enable investigations of air flow in 
building components. The results obtained validated that COMSOL Multiphysics® is an 
effective and efficient tool for long-term hygrothermal simulations of building components. 
COMSOL Multiphysics® can address and analyse heat, air, and moisture transfer. Furthermore, 
the air transfer within the air gap and air-permeable materials can be considered simultaneously 
in COMSOL Multiphysics®, which is of great interest and significance in the field of building 
physics. As long as the geometry and boundary conditions are relatively simple, optimal 
convergence and results with adequate resolution can be achieved in a relatively short runtime. 
However, as the models become more detailed and complex (e.g. air transport is included), 
more knowledge and experience are required from the user to be able to set up, perform, and 
obtain convergence with sufficient accuracy within a reasonable time. Material characteristics 
have a significant impact on the required runtime. By using piecewise-cubic interpolation rather 
than linear interpolation on the sorption curves and liquid transfer coefficients, the runtime can 
be reduced significantly. 
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6. Conclusions and future work 

To establish moisture-resilient basements, various moisture-related challenges need to be 
overcome. These challenges are given different priorities in different cold-climate countries. 
Therefore, recommendations to mitigate these challenges, such as exterior damp-proofing of 
walls, use and position of dimpled membranes and vapour barriers, and use of vapour-
permeable thermal insulation, vary depending on the country. Research on the comparison of 
the effects of various recommended measures is scarce. Much of the existing research concerns 
the moisture performance of interiorly insulated basement walls. However, only a few studies 
have investigated the effects of outward drying or the use of vapour-permeable thermal 
insulation. Existing measurements are not sufficient to elucidate the difference between the 
drying effect of exterior vapour-permeable thermal insulation used in combination with an 
exteriorly positioned dimpled membrane and that with a medially positioned membrane. The 
existing numerical studies mainly focused on the rehabilitation of the basement walls and did 
not include (or omit) an exteriorly positioned dimpled membrane in the numerical simulation 
models. Moreover, no method or procedure has been established to determine the below-grade 
exterior boundary conditions. Furthermore, existing research shows that large uncertainties 
pertaining to the varying composition and moisture content of the soil, liquid uptake at the soil 
surface, and transfer of precipitation require further investigation. Note that these uncertainties 
and subsequent large variations make it challenging to validate hygrothermal simulations of 
basements by full-scale physical measurements.  
 
The numerical and experimental investigations performed in the present study demonstrated 
the dependency of the outward drying effect of the basement walls on the thickness and 
permeability of the exterior and interior insulation. Furthermore, the results obtained showed 
that the moisture performance of basement walls was affected by the capillary moisture transfer 
of the concrete. In the experimental investigation of the concrete wall segments, the 
conventional concrete used in the basement walls exhibited a lower drying rate than the 
predicted drying rate obtained using numerical simulations. Moreover, it was observed that for 
the slowly drying concrete, reducing the vapour resistance of the exterior thermal insulation 
had no significant effect. Note that the dimpled membrane positioned between the concrete and 
exterior insulation provided sufficient drying when the air gap was slightly ventilated. This 
position of the dimpled membrane also increased the drying of the lower part of the wall when 
the air gap openings at the bottom were not completely blocked. To enable a more accurate 
prediction of the moisture performance of basement walls, additional data regarding the span 
of moisture properties of conventional concretes used in basement walls are required.  
 
Future work should focus on investigating the span of the moisture transfer properties of 
different types of concrete currently used in basements. The two-dimensional numerical model 
of the full-scale basement wall should be further improved to include the dimpled membrane, 
air flow through the air gap, air transfer within the air-permeable thermal insulation (e.g. 
mineral wool), and climate data from other cold climate locations. Long-term physical 
measurements should be performed to determine the reliability of the numerical simulations to 
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realistically replicate the moisture transfer in concrete basement walls during the drying 
process. The 10 moisture-related challenges for basements identified in this thesis can be used 
as a basis for further investigation and development of strategies for moisture-resilient design 
in the future.  
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