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A B S T R A C T   

The moisture safety designs of basements used for habitation have become a topic of concern. Basements are 
prone to high moisture strain and have a limited outward drying ability compared with above-grade structures. 
The risk of interior moisture-related damage can be reduced if the basement walls are allowed to dry outward 
below grade. The use of vapour-permeable thermal insulation and the effect of air gaps behind dimpled mem-
branes on the outward drying of concrete basement walls were investigated in this study. One- and two- 
dimensional hygrothermal simulations were conducted using WUFI®Pro and COMSOL Multiphysics®. First, 
the outward drying of concrete wall segments, previously investigated in a laboratory experiment, was simu-
lated. Two EPS types and two dimpled membrane positions were compared, with an emphasis on the airflow 
through the air gap behind the membrane. Second, the long-term moisture performance of concrete basement 
walls was simulated. It was observed that when the dimpled membrane was placed between the concrete and 
exterior EPS, the bottom of the concrete segments dried faster than the top. When the dimpled membrane was 
placed on the exterior side, the concrete dried more uniformly along the height. Thus, the results indicated that 
the latter ensured outward drying of the concrete basement walls. However, the overall effect on the interior RH 
depended on the characteristics of concrete and the amount of interior and exterior insulation. Optimum drying 
was achieved when the thickness of interior insulation was reduced. The variability of the concrete properties 
used in basement walls requires further investigation.   

1. Introduction 

1.1. Habitable basements 

In many Nordic countries, basements cover a significant share of the 
building volume. Traditionally, basements have been used for food 
storage; however, owing to population growth, rising house prices, and 
housing shortages, basements are often fitted out to a high standard and 
used as a living space. In sloped terrains, semi-basements (also referred 
to as daylight basements, English basements, or walk-out basements) are 
commonly used for habitation. Bathrooms, living rooms, and bedrooms 
in these types of basements feature one or more walls which are partly or 
entirely below the grade. An advantage of habitable basements is that 
heating and cooling costs may be reduced owing to earth sheltering. 
However, proper moisture control of habitable basements is essential to 
reduce the risk of moisture damage; this is because high relative hu-
midity (RH) and moisture content (MC) in structures may lead to the 

growth of mould and rot fungi, structural decay, and reduced thermal 
performance of the basement envelope [1–4]. 

The exterior part of the basement envelope is prone to moisture 
strain owing to high RH from soil/backfill, precipitation/stormwater, 
and water from snowmelt [5]. These strains are also expected to increase 
in the near future because climate change entails frequent and intense 
heavy rainfall and rain-induced floods [6,7]. The moisture strain on a 
basement envelope may also increase owing to a stormwater manage-
ment strategy that involves the infiltration of surface runoff into the 
ground surrounding the building [8]. Even after renovation, older 
structures may be prone to moisture uptake from the ground owing to 
poor drainage underneath the foundations. Bathrooms and laundry 
rooms are commonly placed in habitable basements; this results in a 
significant indoor moisture supply and a limited ability for the structure 
to dry inward. In new buildings, site-casts or concrete-block basement 
walls contain a significant amount of built-in moisture after construction 
and require structural drying [9]. 
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Based on existing literature and recommendations, it is possible to 
build habitable basements with a relatively low risk of moisture damage; 
this can be achieved by ensuring optimal drainage of walls and floors, 
insulation on the outside, and protection against water penetration from 
the outside by using capillary-breaking layers [5]. Vapour-permeable 
thermal insulation can also be used to enhance the outward drying of 
basement walls. However, the effect of outward drying on the moisture 
performance of interior wall parts requires further investigation [10, 
11]. 

1.2. Design for outward drying 

Several products have been designed to ensure the optimal moisture 
performance of basement walls, such as dimpled membranes, matrix 
panels, insulation drainage panels, drainage mats, and spray-on water-
proofing membranes. Some products are capable of providing several 
functions on their own, others are used in combination with other 
products. For example, various products have been designed to elimi-
nate the need for granular backfill, others are designed to enable out-
ward drying [12]. Outward drying may be particularly beneficial in the 
following cases: 1) poor drainage below foundations that dampens the 
rehabilitated walls; 2) a bathroom/laundry room that inhibits inward 
drying; 3) cases in which the use of organic materials, such as wood, 
need to be increased to reduce the carbon footprint of the building. 

In many countries with cold climates, vapour-permeable thermal 
insulation is applied to the exterior side of basement walls to realise 
below-grade outward drying; this is widely practised in Sweden [13], 
Denmark [14] and Norway [15]. The aforementioned insulation method 
differs from the conventional strategies (e.g. Canada [16,17], Estonia 
[18], USA [19] and Finland [20]), in which the exterior side of the walls 
is protected by a waterproofing membrane, treated with sprays or 
roll-on compounds, or a dimpled membrane is positioned between the 
wall and exterior thermal insulation. 

The principal theory behind the use of below-grade vapour-perme-
able thermal insulation is that in heated buildings in cold climates, the 
temperature (T) across the basement wall decreases from the warm 
interior side to the cold exterior side. Therefore, vapour from the 
structure may diffuse through the vapour-permeable thermal insulation, 
owing to the difference in vapour pressure induced by the temperature 
differences. Subsequently, the vapour is condensed at the exterior cold 
side of the exterior insulation/exterior membrane/geotextile and 
drained to the ground below the building [21]. To mitigate the vapour 
diffusion, mineral wool boards or expanded polystyrene (EPS) of special 
qualities can be used. Different products are used with or without a 
draining backfill, protective exterior membrane, or geotextile. The use 
of vapour-permeable thermal insulation requires efficient stormwater 

management and on-site drainage because the exterior side of the 
structure becomes wet quickly when exposed to liquid water [12]. 

In Norway, the recommendations for below-grade walls prescribe 
vapour-permeable thermal insulation with a water vapour diffusion 
resistance factor of less than 10 to increase outward drying [15]. 
Moreover, it is recommended that a dimpled membrane should be 
placed on the outer side of the exterior insulation (exterior position). 
The latter differs from the recommendations in other cold-climate 
countries, which prescribe a dimpled membrane to be placed between 
the concrete and exterior insulation (medial position) or the use of a 
geotextile as the outer layer when the vapour-permeable thermal insu-
lation is primarily used for drying purposes [5,12]. The dimpled mem-
branes/sheets are designed to provide capillary breaks and vertical 
drainage. As shown in Fig. 1, a dimpled membrane typically consists of 
polypropylene sheets with a thickness of 1 mm and approximately 7–10 
mm dimples extruded on one side to create an air gap. 

The position of dimpled membranes is a subject of discussion among 
Norwegian building researchers. Those in favour of the exterior place-
ment of the dimpled membranes argue that both solutions can realise 
robust structures. In contrast, some argue that the effect of outward 
drying is minimal and inadequately documented, and the air gap behind 
a dimpled membrane positioned directly on the wall (medial position) 
can ensure sufficient drying if the air gap is slightly ventilated [22]. 

1.3. Previous literature 

Previous studies have investigated the efficacy of outward drying of 
basement walls using vapour-permeable thermal insulation. The 
hygrothermal simulations performed by Geving et al. [11] demonstrated 
that walls fitted with vapour-permeable thermal insulation (μ = 4.4) 
exhibit faster drying and lower moisture content (MC) at equilibrium 
compared with standard EPS (μ = 50). However, the simulations did not 
consider a dimpled membrane on the exterior side of the insulation. 
Geving et al. [11] also performed field measurements of desiccation of 
two basement walls rehabilitated with exterior vapour-permeable 
thermal insulation on the exterior side. The field measurements did 
not reveal any signs of drying over a period of 19 months. Blom [23] 
conducted field measurements of the outward drying behaviour of six 
concrete basement test walls and measured the temperature, RH, and 
MC of the wall assemblies. The study did not detect any increased drying 
effect in the walls with exterior vapour-permeable thermal insulation 
and exterior dimpled membrane compared with the walls with the 
dimpled membrane positioned directly on them (between the wall and 
insulation). The use of vapour-permeable thermal insulation combined 
with landscape fabric (geotextile) instead of a dimpled membrane and 
backfill of existing soil is a common approach applied in Sweden [12]. 

Fig. 1. Basement in dwelling during construction (left). Illustration of basement wall, a dimpled membrane, and a slightly ventilated air gap.  
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Pallin [12] used hygrothermal simulations to investigate the efficacy of 
outward drying of concrete basement walls retrofitted with exterior 
vapour-permeable thermal insulation in the climate of Gothenburg, 
Sweden. Based on the results, it was reported that the outward drying 
was slow, and only approximately 6–8 kg/m2 of the moisture in the wall 
could be eliminated annually, at maximum. If any of the rain loads that 
directly hit the ground or drain from the upper wall surfaces accidently 
penetrate the drainage/insulation board, the expected drying potential 
can be equalised or reversed. To ensure a positive drying potential, 
Pallin [12] suggested replacing the landscape fabric with a water vapour 
barrier. 

Few studies have focused on the ventilation and outward drying 
through the air gap of dimpled membranes used on the exterior side of 
the basement walls. However, some existing studies have investigated 
the exterior air gaps in above-grade walls. Although the scope of the 
following studies is different than that of the present study, their results 
are nonetheless relevant. Straube [24] performed a laboratory experi-
ment to investigate the role of small gaps in ventilation drying and the 
optimum 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 [25] investi-
gated the role of small gaps in ventilation drying further and used 
one-dimensional simulation models with source and sink enhancements 
to simulate the hygrothermal performance of wall systems with drained 
and ventilated air gaps; this study illustrated the challenges of modelling 
the real moisture storage of the air in the air gap and the moisture 
retained on the drainage gap surfaces, highlighting the significance of 
laboratory investigations and field studies. Finch and Straube [26] 
investigated the drying of ventilated claddings in above-grade exterior 
walls. According to Finch and Straube [26], the probable range of 
ventilation rates depends on the cladding type, cavity dimensions, and 
venting arrangement and is determined by the thermal and moisture 
buoyancy and wind pressures. The vent openings are critical details that 
should be as large as possible and unobstructed. Straube et al. [27] 
performed field studies on 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). Moreover, the ventilation reduced the 
magnitude of the flow. Rahiminejad and Khovalyg [28] reviewed the 
ventilation rates in the air gaps behind the cladding of above-grade walls 
and reported that the stack effect and wind effect are two major mech-
anisms driving the airflow in ventilated air spaces. Considering base-
ment walls, solar radiation may be more influential on the part of the 
wall above the grade [12]. Similarly, the wind effect may be more sig-
nificant on the part above grade than the part below grade; however, the 
stack effect may be the most significant owing to the temperature dif-
ference between the top and bottom of the walls. 

Note that various studies have focused on thermally insulated 
basements. Saber et al. [29] showed that the air gaps in basement walls 
can be utilised to improve thermal performance. Goldberg and Harmon 
[30] conducted a comprehensive, large-scale experiment to investigate 
the moisture durability of interior insulation solutions for basement 
walls located in cold climates. Straube [9] investigated interior insu-
lation systems by performing both in-situ measurements and hygro-
thermal simulations. Fedorik et al. [31] investigated various 
refurbishment strategies for basement walls through hygrothermal 
simulations, and Blom and Holøs [32] measured the drying behaviour of 
internally insulated basement walls. However, these studies primarily 
focused on the performance of the interior insulation systems. They did 
not address the drying behaviour achieved using exterior 
vapour-permeable thermal insulation or the positioning of the dimpled 
membranes. Presently, dimpled membranes are placed at both the 
exterior and medial positions in practice, as both the configurations can 
ensure a low risk of moisture failure [15]. However, many basement 

envelopes still experience extensive failure owing to flawed construc-
tion, and knowledge pertaining to robust structures is necessary [30,33]. 
Further knowledge of the drying ability of basement structures and 
possible improvements is crucial for the development of more resilient 
solutions. 

1.4. Objective and scope 

A laboratory experiment was performed to investigate the drying 
behaviour of concrete basement walls further and generate data for the 
validation of hygrothermal simulations [10]. Three concrete wall seg-
ments were fitted with different thermal insulations, and different po-
sitions of the dimpled membrane were adopted. The wall segments were 
subjected to steady interior and exterior climates in a climate simulator. 
The weights of the segments, precipitated condensation, and tempera-
ture data were monitored for six months. Although the weights of the 
walls varied non-uniformly at the beginning, they decreased uniformly 
during the last four months; they exhibited the same weight loss rate, 
variations, and total weight change. This indicates that the effect of the 
thermal insulation and position of the dimpled membrane on outward 
drying was negligible for the tested concrete quality, even though the 
MC of the concrete was maximised and the temperature difference 
across the insulation (driving potential for diffusion) was large (no 
interior insulation). The results demonstrated the need to further 
investigate the effect of the concrete quality on the drying behaviour of 
basement walls and the effect of the air gap behind the dimpled mem-
branes when it is slightly ventilated. The following research questions 
were raised to address these general inquiries:  

1. How do the concrete quality and vapour permeability of exterior 
thermal insulation affect the outward drying of concrete basement 
walls?  

2. How does the air gap behind a dimpled membrane effect the outward 
drying of the concrete basement walls?  

3. What is the potential of outward drying to improve the moisture 
performance of thermally insulated concrete basement walls? 

Answers to the aforementioned research questions were sought pri-
marily through numerical simulations using the software WUFI®Pro 
[34] and COMSOL Multiphysics® [35] (henceforth referred to as WUFI 
and COMSOL). However, this study has the following limitations. 

- This study focused on newly built, functionally airtight, and exter-
nally drained basement walls above the groundwater table. 

- This study focused on walls in basements used for habitation. Un-
heated or industrial basements were not considered in this study.  

- Changes in material properties due to chemical processes, such as 
curing, were not considered in the simulations. 

2. Methodology 

2.1. General approach 

Simulating the outward drying of thermally insulated basement 
walls numerically is a complex process requiring at least two dimensions 
to include the height of the wall [9,36]. In particular, it is challenging to 
numerically replicate the air exchange in the air gap behind the dimpled 
membrane and the drainage of condensed moisture. In a coupled heat 
and moisture transfer model, the dimpled membrane, and the air gap 
behind it can either be simplified as a homogeneous layer or neglected 
outright. If a homogeneous layer is included, moisture drying from the 
concrete accumulates in the thermal insulation and cannot escape 
through the condensation drainage. In contrast, if the membrane is 
neglected, moisture diffuses directly to the exterior boundary condition, 
which may create unrealistically high drying rates. 

A better option is to use a coupled heat, air, and moisture model; 
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however, this approach introduces many complex uncertainties and 
incurs high computational costs when the full height of the wall (above 
and below grade) is included. Furthermore, the long-term simulations of 
basement walls are rendered complex by the below-grade boundary 
conditions. The boundary conditions vary seasonally and along the 
depth of the wall, including the possibility of soil freezing during winter. 
Therefore, a form of simplification is required for comprehensive nu-
merical simulations. This study was conducted in three steps. The pur-
pose of the first two steps was to examine the effect of the dimpled 
membrane on the outward drying of concrete walls and obtain input and 
knowledge for the third and final step, which was a full-scale long-term 
simulation of a basement wall. 

The first and second steps were based on the study by Asphaug et al. 
[10], in which a laboratory experiment was conducted to investigate the 
outward drying of concrete basement walls and generate data to validate 
the hygrothermal simulations. Three concrete wall segments with 
different configurations of thermal insulation and dimpled membranes 
on the exterior surface were weighed continuously for six months. The 
wall segments were sealed against moisture transfer by applying epoxy 
paint on all sides except the exterior surface (which was allowed to dry 
on the exterior side). In addition, the wall segments were insulated 
around the perimeter, mounted in a wooden frame, and subjected to a 
stable cold and humid exterior climate and warm interior climate in a 
climate simulator, as shown in Fig. 2. 

In the first step, the outward drying of the concrete wall segments 
was investigated using one-dimensional simulation models. In the sec-
ond step, more advanced two-dimensional airflow models were estab-
lished to investigate the air exchange in the air gap behind the dimpled 
membrane further. In the third and final steps, the effect of the outward 
drying of the concrete on the overall long-term moisture performance of 
basement walls were investigated. Based on the knowledge gained from 
the first and second steps, the dimpled membrane was omitted in the 
third step. The three steps are illustrated in Fig. 3 and described in more 
detail in Sections 2.2, 2.3, and 2.4. 

2.2. Main simulation variables 

The main material properties, boundary conditions, and initial con-
ditions used in Steps 1–3 are illustrated in Fig. 3, and a detailed 
description is provided in Appendix A. Vapour-permeable thermal 
insulation μ > 10 was adopted in accordance with the Norwegian 
building design guidelines [15]. To investigate the effect of vapour 
permeability on outward drying, three types of EPS with different water 
vapour resistance factors were compared:  

- Vapour-permeable EPS μ = 4.4 (applied by Ref. [11]). 

- Vapour-permeable EPS μ = 8.2 (measured in the laboratory experi-
ment in question [10]).  

- Semi-permeable EPS μ = 27.9 (measured in the laboratory study in 
question [10]). 

Furthermore, three types of concrete obtained from the WUFI soft-
ware were compared:  

- C35/45, high Dww = 1E-07 m2/s at 100% RH, high vapour resistance 
(μ = 248).  

- Waterproof, medium Dww = 1.3E-10 m2/s at 100% RH, medium 
vapour resistance (μ = 180).  

- Masea, low Dww = 5E-16 m2/s at 100% RH, low vapour resistance (μ 
= 76). 

The initial RH of the concrete in the basement wall of Ex. 1 was set to 
99% (~100%) because concrete in such systems is cast directly in the 
formwork of EPS. The concrete in Ex. 2 was simulated using the same 
initial MC as that in Ex. 1 for comparison. 

The size of the air gap openings of the dimpled membrane in Step 2 
was difficult to estimate. For comparison, the openings were assumed to 
be equal at the two positions of the dimpled membrane. As the air gap 
was assumed to be slightly ventilated, the upper air gap opening was set 
to 1 mm to enable slight air transfer. The lower air gap opening was 
varied from 5 mm (the width of the air gap in the simulation model) to a 
minimum of 1 mm in the simulations. 

2.3. Runtime and convergence 

Large and complex numerical models require more resources to run 
efficiently and a well-composed numerical setup to ease convergence. 
The one-dimensional simulations in Step 1 were performed without 
convergence failures. However, the two-dimensional air flow simula-
tions in Step 2 were more problematic, especially as the height of the 
wall increased and the air gap openings reduced. Sufficient convergence 
and runtime were achieved by removing the several 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. Animation was created 
from the T, RH, and MC plots to analyse the results. An area on the 
exterior side of the exterior insulation, at the border between above and 
below grade, was identify as the main cause of errors. Acceptable con-
vergences 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 it with a mod- 
function at each boundary, and 3) using a piecewise interpolation of 

Fig. 2. Concrete wall segments (left) positioned in the wooden frame in the climate simulator (right).  
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the material data instead of linear interpolation, which reduced the 
calculation time by half. 

2.4. Step 1 - Outward drying of concrete wall segments 

The one-dimensional hygrothermal simulations were conducted 
using WUFI to investigate the influence of 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 simulation; it was assumed that the moisture from 
the concrete could dry directly into the air in the cold and humid climate 
chamber. Because concrete characteristics may significantly affect the 
simulated heat and moisture transfer [37] simulations were performed 
for three concrete types (C35/45, Waterproof, and Masea) and three EPS 
types (μ = 4.4, 8.33, and 27.9). The simulation period was set to six 
months in accordance with the laboratory experiment. 

Second, the influence of the air exchange behind the dimpled 
membrane was investigated for both the exterior and medial positions, 

as illustrated in Fig. 4. Simulations were performed for concrete C35/45, 
EPS (μ = 8.2), and different air exchanges with exterior air (0, 1,10, 50, 
and 100). The geometry of the dimpled membrane was simplified, as 
shown in Fig. 4. Concrete C35/45 was chosen for this investigation 
because the initial simulations showed that a high liquid permeability 
would allow for a more rapid initial drying behaviour (faster flattening 
of the MC graphs). EPS (μ = 8.2) was used to simulate both the exterior 
and the medial positions. Fig. 4 shows the one-dimensional simulation 
models, dimensions, boundary conditions, and materials and illustrates 
the simplification of the dimpled membrane. 

2.5. Step 2 - Airflow in air gap behind the dimpled membrane 

Step 1 illustrates the need to investigate the effect of the airflow from 
the exterior into the air gap behind the dimpled membrane on the out-
ward drying of the concrete wall segments. 

First, the two-dimensional model of a concrete wall segment was 
created in COMSOL without an exterior dimpled membrane (one- 
dimensional layout, concrete, and EPS). The COMSOL model was 
created according to the procedure described in Ref. [35] and adopted 

Fig. 3. Main setup, boundary conditions, variable material properties, and model/geometry in Step 1 (upper left), Step 2 (lower left), and Step 3 (right). Detailed 
descriptions can be found in Section 2.2, 2.3, 2.4, and in Appendix A. Steps 1 and 2 were conducted to investigate the effect of the dimpled membrane on the outward 
drying in the laboratory experiment. Step 3 was conducted on basement walls without a dimpled membrane, and the effect of outward drying on the moisture 
performance of interior wall parts was evaluated. 

Fig. 4. Step 1 - One-dimensional models of concrete wall segments with exterior and medial position of the dimpled membrane, simplification of air gap geometry, 
main input data, and dimensions. 
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the physical principles described in Ref. [38]. The reduction in MC at 
five depths of the concrete over six months was compared with the MC 
reduction results obtained using the one-dimensional WUFI model from 
Step 1 (Appendix B). Neglecting minor deviations, the results can be 
considered in agreement with each other. Small differences in the liquid 
transfer coefficient (Dww) in COMSOL and WUFI were identified as the 
primary causes of the deviation. In COMSOL, Dww was implemented as a 
function of RH instead of the moisture content. Several points were 
manually added to the built-in Dww curve of COMSOL to create a more 
continuous function and achieve a sufficient correlation. 

Second, the two-dimensional COMSOL model of the concrete wall 
segment was developed further to include the dimpled membrane, the 
air in the exterior climate chamber, and the subsequent air flow within 
the gap of the dimpled membrane, as illustrated in Fig. 5. The exterior 
and medial positioning of the dimpled membrane were compared. The 
height of the concrete was set to 1.5 m, and EPS μ = 8.2 was used. 
Different thicknesses of the air gap openings (2–5 mm) were investi-
gated. The concrete types C35/45 and Masea were compared. 

The model was established according to the procedure described 
previously [39]. An open boundary was set as the left and upper 
boundary conditions to include air in the cold exterior chamber, the 
effect of gravity, and pressure differences. The dimpled membrane was 
modelled as a line and not as a layer to reduce the number of mesh el-
ements and ease convergence. In the moisture transport node, the 
membrane was defined as a thin moisture barrier with a vapour diffusion 
equivalent air layer thickness (sd) of 280 m. In the air transfer node, the 
membrane was defined as an interior wall (no slip). In the heat transfer 
node, the membrane was defined as a thin layer (nonlayered shell) with 
thermal resistance (0.0003). Both laminar flow and turbulent flow were 
tested; however, laminar flow was found to be the most appropriate 
owing to the low air velocity of the air in the simulations. The air ve-
locity of the air was less than 0.31 m/s within the exterior chamber, less 
than 0.015 m/s within the air gaps of the medial positioned dimpled 
membranes and less than 0,025 m/s for the contemporary positioned. 

2.6. Step 3 - Long-term moisture performance of basement walls 

To investigate the effect of the outward drying of the basement walls 
on the overall moisture performance of the interior wall parts, long-term 
simulations of various basement wall-floor transitions were performed. 
The exterior boundary conditions below the grade included the seasonal 
variation in temperatures along the height of the below-grade part of the 
walls. The exterior dimpled membrane was omitted from these assess-
ments to ease convergence, including the air exchange in the air gaps 
behind the dimpled membrane, which is considered numerically chal-
lenging for long-term simulations with varying boundary conditions. 

Based on the results from Step 2, it can be concluded that the basement 
walls exhibited a slightly higher drying rate compared to the exterior 
position owing to the omission of the dimpled membrane. 

2.6.1. Numerical model 
A two-dimensional model of the basement wall was created using the 

COMSOL software. The model consisted of a 100 mm thick concrete 
floor and a 170 mm thick concrete wall. Four configurations with 
various types of exterior and interior thermal insulation were investi-
gated, as illustrated in Fig. 6. Ex 1. represented a basement wall that is 
widely used in Nordic countries, with concrete cast directly into form-
work of EPS. Ex. 2 represented a basement wall with exterior vapour- 
permeable thermal insulation and a wooden framework insulated with 
mineral wool on the interior side. The basement wall in Ex. 2 was also 
simulated with different thicknesses of the exterior and interior insu-
lation (Ex. 2a and 2b). The two-dimensional models of the concrete 
basement walls with the main input data, dimensions, and monitoring 
positions are illustrated in Fig. 6. In normally dry and sufficiently 
ventilated rooms, omitting the vapour barrier may enable the concrete 
to dry faster by drying to the interior. In bathrooms, on the other hand, 
the interior surfaces may have a high vapour resistance, which restricts 
the ability of the walls to dry inward. The interior surfaces of both 
basement walls were simulated with and without a vapour barrier. 

2.6.2. Exterior boundary conditions above grade 
Above the grade, the basement walls were subjected to exterior 

temperatures and RH variations based on the moisture design reference 
year (MDRY) of Oslo, Norway (determined by Geving [40] and applied 
in the WUFI software [34]). The MDRY data were determined based on 
real measurements; however, the data is composed with higher moisture 
loads and colder temperatures than in a typical year. The reference year 
data were based on 3–4 daily measurements, and hourly values were 
interpolated between them. The original dataset consisted of hourly 
temperatures and RH values. To reduce the computational costs, a 
climate file was created using 12-h averages, as shown in Fig. 7. Thus, 
the number of data points per year was reduced from 8760 to 730. Short- 
and long-wave radiation and precipitation were neglected. 

2.6.3. Interior boundary conditions 
The indoor temperature was set at 21 ◦C. The indoor RH varied with 

the exterior climate (MDRY Oslo [40]) according to NS ISO 13788:2012 
[41] and moisture load according to Humidity Class 3, which is defined 
in Table 1. The interior boundary conditions are shown in Fig. 7. 

2.6.4. Exterior boundary conditions below grade 
The below-grade RH was set to 99% according to EN 15026:2007 

Fig. 5. Step 2 - Two-dimensional models of concrete wall segments with exterior and medial positioning of the dimpled membrane, simplification of the air gap 
geometry, main input data, and dimensions. Additional simulations were performed to investigate the outward drying changing the RH in the exterior chamber from 
80 to 99%, see Fig. C1 Appendix C. 
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[42]. The annual temperature variations below the grade were deter-
mined using a separate heat transfer simulation of the basement 
wall-to-floor transition and a large part of the exterior ground. The 

temperature variations were determined based on the study by Asphaug 
et al. [36]. Moisture transfer to the soil and evaporation at the soil 
surface have a significant effect on the heat transfer to the ground [43, 

Fig. 6. Step 3 - Two-dimensional models of the concrete basement walls with main input data, dimensions, and monitoring positions. Ex. 1 with formwork of EPS 
(left) and Ex. 2 with exterior vapour-permeable EPS and interior mineral wool (middle and right). Ex. 1 and Ex. 2 were simulated for two types of concretes without a 
dimpled membrane on the exterior side and with and without an interior vapour barrier. Simulations were also performed for Ex. 2 for different thicknesses of 
interior and exterior insulation (left). 

Fig. 7. Main boundary conditions for the basement walls (upper left), temperature and RH variations for the repetitive year (upper right), and varying temperatures 
below the grade (lower right). Below-grade temperature variations were determined using a separate heat transfer simulation model (lower left). A detailed 
description of the input parameters is provided in Appendix A. 
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44]; however, they were not considered for determining the 
below-grade boundary conditions. The objective of this study was to 
compare the moisture performance differences between the different 
basement walls in a cold climate location. It was assumed that including 
the additional small variations in the exterior temperature does not 
significantly affect the relative differences between the walls. The 
simulation model and main input values are shown in Fig. 7. 

The temperature variations on the exterior side of the below-grade 
basement walls were obtained as integrated averages for each output 
time at various sections/heights below the grade, as shown in Fig. 7. 
Initially, the lengths of the sections were equal; however, because the 
temperature differences between the sections were larger closer to the 
grade, decreasing the length towards the surface improved the tem-
perature distribution on the basement wall. The indoor air temperature 
was set to 21 ◦C, and the lower ground temperature was set to 6.8 ◦C, 
which is the annual mean of the MDRY of Oslo. The size of the simulated 
ground section and soil properties were based on the recommendations 
of the NS-EN ISO 13793:2001 [45]. A building with dimensions of 12 ×
8 m was considered, which resulted in a characteristic width of B = 4.8 
m. Freezing was considered by modelling the soil as a phase change 
material, which changes properties when the temperature approaches 
− 1 ◦C. The latent heat of fusion of water at 1 atm. was set to 334 kJ/kg, 
which was the default setting in COMSOL and used by Saaly et al. [46]. 
The simulation was run for 12 years to stabilise the heat loss. The last 
year was used for the exterior temperature variations (boundary con-
ditions) below the grade, as shown in Fig. 7. The MDRY of Oslo with 12 h 
values were used for the exterior air temperature variations. The output 
times were set to 12 h, which was equal to the dataset used for the wall 
part above the grade. 

3. Results 

3.1. Outward drying of concrete wall segments (Step 1) 

The one-dimensional coupled heat and moisture transfer simulations 
of the concrete wall segments were conducted using WUFI. The dimpled 
membrane was not considered in the initial simulations (Appendix D; 
Fig. D1). Based on the results, it can be concluded that the concrete 
characteristics affected the outward drying of the wall segments signif-
icantly. The concrete with the highest liquid permeability (C35/45) 
exhibited the largest weight change. The results elucidated the mecha-
nism of moisture accumulation within the thermal insulation from the 
C35/45 concrete before the drying of the accumulated moisture by the 
exterior air. The Masea concrete resulted in little moisture accumulation 
within the thermal insulation owing to the slow drying of the concrete. 
Thus, the effect of vapour permeability of the thermal insulation on the 
outward drying of the concrete may be less for slow-drying concrete. 

Subsequently, one-dimensional simulations considering the dimpled 
membrane were performed using WUFI. The effect of two different po-
sitionings of the dimpled membrane (exterior and medial) and that of 
different air exchange rates at the air gap behind the dimpled membrane 
were compared (see Appendix D, Fig. D2). The results elucidated the 
effect of the air exchange with the exterior air on outward drying. When 
the air exchange with the exterior air was low or absent, the MC of the 
air in the air gaps increased to 100%; this indicates that condensation 
would occur within the gaps. When the air exchange was low or absent, 
the drying of the concrete was larger for the exterior positioning of the 
dimpled membrane than for the medial positioning. At an air exchange 
rate of approximately 10, the drying observed for the two positionings 
was approximately equal. 

3.2. Airflow in air gap behind the dimpled membrane (Step 2) 

The concrete wall segments with two different positionings of the 
dimpled membrane (exterior and medial) were compared. For the 
comparison, different air gap openings at the bottom and different RH of 
the exterior air were considered (80%, which is according to the labo-
ratory study, and 99%, which is similar to below grade). The results 
obtained using COMSOL are summarised in Fig. 8 (RH exterior air =
80%). Note that the wall with the medially positioned dimpled mem-
brane enabled the concrete to dry faster at the bottom; however, the wall 
with an exterior dimpled membrane dried more uniformly along its 
height. Overall, the walls dried uniformly over six months. However, a 
difference was observed in the moisture distribution along the height. 
Note that the MC in the thermal insulation and air gaps increased and 
decreased during the 6-month period, in accordance with the results 
from Step 1. Smaller air gap openings increased the RH in the air gaps. 
Furthermore, it ensured longer periods of condensation. Exterior air 
with 99% RH resulted in a relatively high MC in the thermal insulation 
and a slightly slower drying of the concrete segments compared to 80% 
(Appendix C). 

3.3. Long-term moisture performance of basement walls (Step 3) 

Long-term simulations of the basement wall-floor transition were 
performed to investigate the effects of the outward drying of basement 
walls on the overall moisture performance of the components of the 
interior wall. Based on the results of Step 2, the exterior dimpled 
membrane was not considered; thus, the simulations presented slightly 
higher drying rates than those obtained for the exterior positioning of 
the dimpled membrane (see Fig. 8). The two basement wall configura-
tions (Ex. 1 and 2) were investigated using the two concrete types (C35/ 
45 and Masea), with and without an interior vapour barrier. The 
decrease in the RH at the four monitoring points (at the interface be-
tween the concrete and insulation) over ten years is shown in Fig. 9. 

From the graphs, it can be inferred that the exterior side (dotted 
lines) of the concrete walls dried faster than the interior side (solid lines) 
for all the simulated cases. When a vapour barrier was applied to the 
interior side, the concrete wall in Ex. 2 dried faster than that in Ex. 1 for 
both types of concrete. The difference was the largest on the exterior side 
(dotted lines) and the lowest on the interior side (solid green line). At the 
upper interior side (solid blue line), the RH was affected by the fluctu-
ations in the exterior temperature. Fig. 10 shows the RH and tempera-
ture at a cross-section at a high position in the basement walls after 10 
years. Ex. 2 was also simulated by varying the thicknesses of the interior 
and exterior thermal insulation, as shown in Fig. 11. Masea concrete 
without the interior vapour barrier was selected for the simulations 
owing to the high interior moisture content portrayed by wall in Ex.2, as 
shown in Fig. 10. 

4. Discussion 

4.1. Effect of concrete type and permeability of thermal insulation on 
outward drying 

The outward drying of the concrete wall segments was compared for 
a period of six months under stable internal (20 ◦C, 20% RH) and 
external boundary conditions (5 ◦C, 80% RH). From the one- 
dimensional heat and moisture simulations, it was observed that there 
was a significant difference between the two concrete types, C35/45 and 
Masea, owing to the differences in material characteristics. As shown in 
Fig. D1 of Appendix D, C35/45 dried out more than Masea during the six 
months. The difference between the drying rates decreased as the 
vapour resistance of the exterior thermal insulation increased. The MC 
of the cross-sections through the concrete wall segments indicated that 
the Masea concrete dried the fastest at the surface (owing to the low 
vapour resistance); however, a slower drying rate was observed deeper 

Table 1 
Moisture load according to Humidity Class 3.  

Outdoor temperature [◦C] − 20 0 20 30 
Moisture load [g/m3] 6 6 1 1  
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Fig. 8. Concrete wall segments with medial positioning of dimpled membrane and two lower air gap openings (upper left and right), exterior positioning with two air 
gap openings (middle left and right), and no dimpled membrane (lower left). The upper and lower graphs show the decrease in RH at the five points in the upper and 
lower part of the concrete, respectively. The left and right plots show the RH and MC for two, four, and six months of drying. The graphs (lower right) show the 
decrease in average MC of the concrete segments for the five situations considered during six months of drying, and the total amount of dried out moisture per 
wall segment. 
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into the concrete owing to the low liquid conductivity (Dww). The MC at 
the surface of C35/45 concrete did not decrease as rapidly as that of 
Masea owing to the high liquid conductivity (Dww) of C35/45; however, 
the moisture was transferred faster towards the exterior surface from 
deeper into the concrete. Thus, it can be concluded that C35/45 concrete 
facilitates more outward drying, at least at high concrete MC. The drying 
rate of both concretes decreased as the MC decreased because the 
moisture-dependent liquid transfer coefficient decreased. From Fig. D1 
of Appendix D, it can be inferred that the concrete segments insulated 
with vapour open-thermal insulation (μ = 4.4) dried faster than the 
uninsulated concrete (which dried directly to the air in the cold and 
humid climate chamber); this was applicable for all three concrete types; 
however, the difference was the largest for C35/45 concrete. When the 
Masea concrete was insulated with the semi-permeable "standard" EPS 
(μ = 27.9), it dried approximately as quickly as when it was uninsulated. 

The drying of the two basement walls over 10 years was investigated, 
as shown in Figs. 9–11. From the results, it was observed that the Masea 
concrete dried faster at the surface than deeper into the concrete. C35/ 
45 dried more slowly at the surface compared with the Masea concrete; 
this is in accordance with the results shown in Fig. D1 in Appendix D. In 
addition, C35/45 reached a lower MC after 10 years compared with 
Masea. The fluctuations in the graphs were primarily due to influences 
from the exterior air temperature. Therefore, the fluctuations were 
larger in the upper monitoring points than in the lower ones. When it 
was warmer outside, the moisture was transferred from the exterior to 
the interior. Note that the oscillations of the RH in the inner monitoring 
points exhibited a slight delay compared with the oscillations in the 

outer monitoring points. In addition, the RH in the lower monitoring 
points fluctuated less than that in the high monitoring points. 

4.2. Effect of air gap behind the dimpled membrane on outward drying 

The effect of the positioning of the dimpled membrane on the out-
ward drying of the concrete wall segments was compared. The com-
parisons were made using concrete C35/45 for a period of 6 months 
under stable warm (20 ◦C, 20% RH) and cold boundary conditions (5 ◦C, 
80% RH). First, the one-dimensional heat and moisture simulations were 
performed for different air exchange rates in the air gap, as shown in 
Fig. D2 of Appendix D. For the exterior positioning of the dimpled 
membrane, the graphs showed that 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, suggesting 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 ex-
change 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 effect of the airflow through the air gap behind the dimpled 
membrane on the outward drying of the concrete wall segments was 
investigated further using two-dimensional heat, air, and moisture 

Fig. 9. The ten-years decrease in RH at the four monitoring points located at the interface between the concrete and insulation. Note that the y-axes span from 40% 
to 100% RH. The positions of the monitoring points are marked in the upper figures. 
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simulations, as shown in Fig. 8. From the figures, it can be observed that 
the concrete wall segments with a medially positioned dimpled mem-
brane dried much faster at the bottom than at the top. However, the 
segments with an exteriorly positioned dimple membrane dried more 
uniformly along their height. The concrete wall segments with a medi-
ally positioned dimple membrane resulted in relatively slower drying 
when the bottom air gap opening was reduced from 5 mm to 1 mm. The 
concrete segments with the exteriorly positioned dimple membranes 
were less affected by the changes in the opening of the bottom air gap. 

The simulations of the wall segments in this study did not consider all 
the factors that may limit the airflow in and out of the air gaps behind 
the dimpled membrane in real below-grade basement walls. These fac-
tors include the variation in the air gap openings, the density of granular 
backfilling, wind, and stack effects. Nevertheless, the results obtained 
are significant as they provide a comparison between the two posi-
tionings of the dimpled membrane under similar climate conditions and 
air gap openings. In addition, the results of the two different positionings 
of the dimpled membrane were compared with those of the wall seg-
ments without a dimpled membrane. The comparison results indicate 
that applying a dimpled membrane at the exterior positioning, slightly 
reduced the drying rate, as shown in Fig. 8. For the medial positioning of 
the dimpled membrane (between the insulation and concrete), it is 
necessary to ensure that the air gap openings are sufficient to enable 
drying. 

The wall segments in this study were simulated using boundary 
conditions that reflected the laboratory study. A drawback of the 
simulation models used in this study is their inability to remove 
condensed moisture from the air gaps. Instead of being removed, the MC 
of the air increases to higher levels than the air can realistically hold for 
a short period. The effect of this uncertainty on the outward drying re-
quires further investigation; however, it was assumed that the outward 
drying of the concrete segments would be slightly reduced during the 
condensation period. 

4.3. The effect of outward drying on the moisture performance of 
basement walls 

The outward drying of concrete basement walls subjected to varying 
interior and exterior boundary conditions for over 10 years was inves-
tigated, as shown in Figs. 9–11. It was presumed that the walls were 
protected from exterior liquid water intrusion, either by an exterior 
dimpled membrane or by other measures, both above and below the 
grade. Thus, the effect of regular wetting by rain or stormwater was not 
considered. However, the exterior dimpled membrane was not consid-
ered in these simulations, owing to difficulties in including the air flow 
in the air gap in the full-scale simulation of the basement walls. Outward 
drying of the concrete wall segments with an exterior positioning of a 
dimpled membrane was compared with that of walls without a dimpled 
membrane in Step 2, as shown in Fig. 8; a small difference between the 
outward drying rates was observed for the two configurations. 

Fig. 9 shows the variations in RH at high and low interior and 
exterior monitoring points at the interface between the concrete and 
EPS. For the basement wall with EPS formwork (Ex 1), the difference 
between the drying rate of the two concrete types, both with and 
without an interior vapour barrier, was small. The Masea concrete dried 
slightly faster at the exterior monitoring points owing to the low vapour 
resistance (μ = 76); however, after 10 years, the difference between the 
drying rate of the two concrete types evened out. The RH at the two 
interior monitoring points decreased at a relatively steady rate for both 
the concretes, with and without a vapour barrier; however, the Masea 
concrete was affected more significantly by the external temperature 
fluctuations. The basement wall with vapour-permeable exterior insu-
lation and interior wooden frame with mineral wool (Ex 2) exhibited a 
relatively greater difference between the characteristics of the two 
concrete types, with and without a vapour barrier. Concrete C35/45 
with an interior vapour barrier had a lower interior RH after 10 years 
compared with the wall with more vapour-resistant EPS in Ex 1. The 
Masea concrete, which is more vapour-permeable, resulted in higher RH 

Fig. 10. MC and RH through the cross-section at the high position in the basement walls after 10 years. The position of the cross-section is shown in the upper 
figures. Ex. 2 with Masea concrete and without an interior vapour barrier is illustrated in Fig. 11 with different thicknesses of the exterior and interior insulation. 
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on the interior side, even up to 100% in the first years. On the exterior 
side, however, the RH values were similar. For both the concrete types, 
the interior vapour barrier resulted in a higher RH on the interior side of 
the concrete. This indicates that if a vapour barrier is to be used in this 
type of wall configuration, it should be positioned between the concrete 
wall and interior insulation. 

The basement walls in Exs. 1 and 2 are conventional walls, and they 
are not considered typical high-risk structures in terms of moisture 
damage. Note that the objective of investigating the two different types 
of basement walls was not to determine the wall with the best perfor-
mance but rather to elucidate the effects of outward drying. Fig. 10 
shows that the moisture performance of the basement walls decreased as 
the thickness of the interior insulation increased. The best performance 
was achieved when most of the exterior vapour-permeable insulation 
was positioned on the exterior side. 

The primary goal of a moisture-resilient basement wall design is to 
prevent the walls from being subjected to liquid water from the exterior 
side. Thus, for externally insulated, well-drained, and airtight basement 
walls in new buildings with good ventilation, the effect of external 
drying is considered less significant. For older basement walls, where 
poor drainage results in moisture absorption via foundations, outward 
drying may be a suitable method to achieve a drier wall. In this case, the 
thermal insulation should mainly be positioned on the exterior side of 
the concrete. 

4.4. Uncertainties and limitations 

Different concrete characteristics results in different drying rates of 

the basement walls. The spans of the different properties exhibited by 
the concrete used in basements requires further investigation. 

The initial RH of the concrete in the basement wall of Ex. 1 was set to 
99% (~100%) because for this type of basement walls, the concrete is 
cast in situ in an EPS formwork. For comparison, the concrete in Ex. 2 
was simulated using the same initial MC as that in Ex. 1. The concrete 
used in Ex. 2 might have dried slightly at the surfaces during the time 
before insulation was added. It was assumed that this drying did not 
significantly affect the overall results/comparison over 10 years. 

In this study, the accuracy of the numerical model in realistically 
replicating the moisture transfer in the concrete during the drying pro-
cess was uncertain. The complex coupled heat and moisture transfer 
models for building components always involve the simplification of 
real-life factors. Moreover, some materials (e.g. concrete) do not 
conform to the simplified transport equations, and their material prop-
erties are dependent on their present and past moisture content. 
Therefore, materials with pronounced hysteresis in their moisture stor-
age function (e.g. concrete) may not be accurately described by an 
averaged moisture storage function [38]. The total moisture transfer 
resulting from the combination of the liquid and vapour transport pro-
cesses under varying thermal conditions is also difficult to calculate; this 
is because the two flows occur simultaneously and cannot be separated 
for laboratory experiments. The errors caused by these general inac-
curacies may be negligible or severe. The results should be compared 
with measurements to determine the reliability of the calculations. 

Fig. 11. The 10-year decrease in RH at the four monitoring points (at the interface between the concrete and insulation) (upper). Note that the y-axis spans from 40% 
to 100% RH. MC and RH through the cross-section at the high position in the basement walls after 10 years (lower). The position of the monitoring points and the 
cross-section is marked in the upper figures. 
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5. Concluding remarks 

The concrete characteristics significantly affected the prediction re-
sults of the drying of concrete wall segments. During the six-month 
period, 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). The 
Masea concrete dried faster at the exterior surface but exhibited a slow 
drying rate owing to the low rate of capillary moisture transfer. The 
concrete with a high liquid transfer coefficient (C35/45) dried slower at 
the surface but dried faster all the way through the concrete compared 
with the Masea concrete; thus, it exhibited an overall faster drying rate 
at high MC. The difference between these two types of concrete also 
decreased as the vapour resistance of the exterior thermal insulation 
increased. The concrete insulated exteriorly with vapour-permeable 
thermal insulation (μ = 4.4) dried faster than the uninsulated con-
crete, in the laboratory setting (with cold and humid air in the exterior 
climate chamber, and warm air in the interior climate chamber). This 
tendency was observed for all three types of concrete; however, the 
difference was the largest for the concrete with the highest liquid 
transfer coefficient (C35/45). When the concretes were insulated with 
the semi-permeable EPS (μ = 27.9), the concrete with the lowest liquid 
transfer coefficient (Masea) dried approximately as fast as the uninsu-
lated concrete. 

The concrete wall segments with a medially positioned dimpled 
membrane dried much faster at the bottom than at the top, whereas the 
wall segments with an exteriorly positioned dimple membrane dried 
uniformly along their height. The concrete wall segments with a medi-
ally positioned dimpled membrane exhibited relatively slower drying 
when the bottom air gap opening was reduced from 5 to 1 mm. The wall 
segments with exteriorly positioned dimpled membrane was less 
affected by the changes in the bottom air gap opening; however, more 
moisture accumulated in the exterior parts of the exterior thermal 
insulation. The results indicated that the basement walls exhibited a 
slightly reduced drying rate when the exteriorly positioned dimpled 
membrane was omitted. 

For the basement wall with EPS formwork (Ex. 1), the difference 
between the drying rate exhibited by the two concretes, with and 
without an interior vapour barrier, was low. The basement wall with 
vapour-permeable exterior insulation and an interior wall assembly 
insulated with mineral wool (Ex. 2) exhibited a relatively greater dif-
ference between the characteristics of the two concretes, with and 
without a vapour barrier. The basement wall with the fastest drying 
concrete (C35/45) and an interior vapour barrier exhibited a lower 
interior RH after 10 years compared with the wall with EPS with greater 
vapour resistance (Ex. 1). In contrast to Ex. 1, the use of Masea concrete 
resulted in a higher RH on the interior side, even up to 100% in the first 
year. However, on the exterior side, the RH was similar. For the two 
types of concrete, the interior vapour barrier resulted in a higher RH on 
the interior side of the concrete. The results indicate that for optimum 

performance, the vapour barrier should be positioned between the 
concrete and interior insulation. However, the span of the moisture 
properties of conventional concretes used in basement walls needs 
further investigation. 

Therefore, a general conclusion regarding the effects of outward 
drying on the moisture performance of the insulated basement walls 
cannot be solely based on the simulations performed in this study. To 
determine the reliability of the simulations, the results should be 
compared with measurements of structures subjected to realistic cli-
mates. However, the results indicate that placing a dimpled membrane 
on the exterior side of vapour-permeable thermal insulation can ensure 
better outward drying. However, the overall effect will depend on the 
concrete characteristics. If the drying rate of the concrete is low, the 
effect of vapour-permeable thermal insulation will be less prominent. 
Positioning the dimpled membrane between the concrete and exterior 
insulation may be more feasible and can ensure better protection of the 
concrete and dimpled membrane. In contrast, if the drying rate of the 
concrete is slow, the aforementioned position of the dimpled membrane 
may result in sufficient outward drying if the air gap. This position may 
also increase the drying rate of the lower part of the wall. 
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Appendix 

Appendix A. Material properties, boundary conditions and initial conditions 

The material properties, initial conditions, and boundary conditions applied in the simulation are listed in Tables A1–5.  

Table A1 
Hygrothermal properties of the wall segments/basement walls in Steps 1, 2, and 3. The properties of mineral wool and wood were based on data from the COMSOL 
library. The others were based on data from the WUFI Material database [34].   

Dimpled 
membrane 

Air layer 
(generic)a 

EPS, 
4.4 

EPS, 
8.2 

EPS, 
27.9 

Concrete 
C35/45 

Concrete 
Waterproof 

Concrete 
Masea 

Epoxy 
paintb 

Gypsum Vapour 
barrier 

Mineral 
wool 

Wood 

Step 1 1 1 1, 2, 3 1, 3 1,2,3 1 1,3 1 3 3 3 3 

(continued on next page) 
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Table A1 (continued )  

Dimpled 
membrane 

Air layer 
(generic)a 

EPS, 
4.4 

EPS, 
8.2 

EPS, 
27.9 

Concrete 
C35/45 

Concrete 
Waterproof 

Concrete 
Masea 

Epoxy 
paintb 

Gypsum Vapour 
barrier 

Mineral 
wool 

Wood 

Thickness 
[mm]  

5 100 100 100 60 60 60 1 10 n.a. 100 n.a. 

Bulk density 
[kg/m3] 

130 1.3 26.9 26.9 23.0 2220 2300 2104 130 574 n.a. 73 532 

Porosity [m3/ 
m3] 

0.001 0.999 0.95 0.95 0.95 0.18 0.18 0.22 0.001  n.a. n.a. n.a 

Thermal 
conductivity 
[W/mK] 

3 0.047 0.0348 0.0348 0.0348 1.6–2.5 1.6–2.5 1.3–2.2 2.3 Tab. A1 n.a. 0.035 Tab. 
A2 

Specific heat 
capacity [J/ 
kgK] 

1500 1000 1500 1500 1500 850 850 776 2300 1100 n.a. 850 2700 

Water vapour 
diffusion 
resistance 
factor [− ] 

280 000 0.79 4.4 8.33 27.9 248 180 76 41 000 6.9 n.a. 1.4 Tab. 
A2 

sd-value [m] 280 n.a. 0,44 0.33 2.79 14.88 10.8 4.56 41  10 1e-14 n.a. 
Liquid transfer 

coefficients 
n.a. n.a. n.a. n.a. n.a. Tab. B6 n.a. Tab. A2 Tab. 

A2 
Moisture 

storage 
function 

Tab. A2  

a Without additional moisture capacity. 
b In Step 2, epoxy paint was included in the interior surface transfer coefficient.  

Table A2 
Moisture storage function of the materials described in Table A1.  

DM/Epoxy paint Air layer EPS C35/45 Waterproof Masea Gypsum Mineral wool Wood 

RH:MC RH:MC RH:MC 0:0 RH:MC 0:0 RH:MC RH:MC 0:0 RH:MC RH:MC RH: λ 
0:0 0:0 0.5:0.461 0.33:37 0:0 0.065:25.5 0:0 0:0 0:0.1 
0.5:0.000485 1:0.017 0.6:0.687 0.43:38 0.05:27 0.113:29.6 0.33:5 0.33:0.51 0.97:0.15 
0.6:0.000724  0.7:1.06 0.63:65 0.1:32 0.329:46.1 0.75:7 0.75:0.62 1:0.6 
0.7:0.00112  0.8:1.79 0.8:75 0.15:34 0.582:80.1 0.97:18 1:4.1 RH:μ 
0.8:0.00188  0.85:2.49 0.83:76 0.2:35 0.754:101 1:370  0:200 
0.85:0.00262  0.9:3.83 0.93:104 0.3:37 1:144 RH: Dw  0.25:180 
0.9:0.00403  0.91:4.26 1:147 0.4:40  0:1.85e-10  0.5:65 
0.91:0.00448  0.92:4.78  0.5:48  0.8:1.85e-10  0.6:45 
0.92:0.00503  0.93:5.43  0.6:58  1:1.59e-7  0.7:30 
0.93:0.00572  0.94:6.27  0.7:72  RH:λ  0.9:20 
0.94:0.0066  0.95:7.38  0.8:85  0:0.19  1:10 
0.95:0.00777  0.96:8.94  0.9:100  0.97:0.21  RH:WC 
0.96:0.00941  0.97:11.3  0.95:118  1:0.6  0:0 
0.97:0.0119  0.98:15.1  1:150    0.55:45 
0.98:0.0159  0.99:22.7      0.75:80 
0.99:0.0239  0.995:30.2      0.97:185 
0.995:0.0318  1:44.8      1:870 
1:0.0471        RH: Dw         

0: 1.32e-13         
0.65:1.32e-13         
1:8.03e-11   

Table A3 
Material properties of the soil/ground considered in Step 3. After a comparison between the available sources, the properties provided in NS EN ISO 13793:2001 were 
used for the simulations.   

NS EN ISO 13793:2001 NS-EN ISO 13370:2017 NS-EN ISO 
10456:2007+NA:2010 

WUFI 

Homogeneous soil Clay or silt Sand or 
gravel 

Clay or silt Sand or gravel 12 types of soil 

Unfrozen Frozen 

Bulk density [kg/m3] 1350 1350 n.a. n.a. 1200–2200 1700–2200 1267–1579 
Thermal conductivity [W/ 

mK] 
1.5 2.5 1.5 2 1.5 2.0 Varies with moisture 

content 
Water content [kg/m3] 450 

90% degree of 
saturation 

450 
90% degree of 
saturation 

n.a. n.a. n.a n.a n.a 

Heat capasity [J/m3K] 3000000 1900000 3000000 2000000 n.a. n.a n.a. 
Specific heat capacity [J/ 

kgK] 
2222 1407 n.a n.a. 1670–2500 910–1800 850 
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Table A4 
Boundary conditions used in Steps 1,2, and 3.  

Step Surface Temperature 
[◦C] 

Heat transfer coefficient, α [W/(m2⋅K)] (Heat resistance [(m2⋅K)/ 
W]) 

RH [%] Water vapour transfer coefficient1, 
βp [kg/m2sPa] or [s/m] 

1 Interior 20 8 (0.125) [WUFI] 20 2.2e-81 

(Epoxy paint in separate layer) 
Exterior 5 17 (0.0588) [WUFI] 80 8e-81 

2 Interior 20 8 (0.125) [WUFI] 20 4.9e-12 (ink. Epoxy paint) 
Exterior 5 17 (0.0588) [WUFI] 80/100 8e-81 

3 Interior 21 Wall: 8.0 (0.125) [EN 15026:2007] 
Floor: 5.9 (0.17) [EN 15026:2007] 

Fig. 6 2.2e-81 

4.1e-81 

Exterior, above 
grade: 

Fig. 6 20 (0.05) 
(incl. 10 mm fibre cement board) 

Fig. 6 3e-10 (incl. 10 mm fibre cement 
board) 

Exterior, below 
grade: 

Fig. 6 n.a. 99% [EN 
15026] 

n.a.  

1 Derived from the heat transfer coefficient: βp = 7⋅10− 9α [38].  

Table A5 
Initial conditions used in Steps 1,2, and 3.  

Step  Dimpled membrane Air layer EPS 
Mineral wool 

Concrete C35/45 Concrete 
Waterproof 

Concrete Masea Epoxy paint Wood 

1 Temperature [◦C] 20 20 20 20 20 20 20 20 
Water content1 [kg/m3] (RH) 0.002 0.01 (1.79) 

0.8 
146.39 (0.999), 
147 (~1) 

149.36 (0.999), 
150 (~1) 

143.83 (0.999) 
144 (~1) 

0.002 (0.8) 

2 Temperature [◦C] 20 20 20 20 20 20 20 20 
Water content1 [kg/m3] (RH) 0.002 0.01 (1.79) 

0.8 
134.71 (0.98) 137.2 (0.98) 140.5 (0.98) 0.002 (0.8) 

3 Temperature [◦C] 21 21 21 21 21 21 21 21 
Water content1 [kg/m3] (RH) n.a. n.a. (1.79) 

0.8 
134.71 (0.98) 137.2 (0.98) 140.5 (0.98) n.a. (0.8) 

The liquid transport coefficient is expressed as a function of the water content in the WUFI and converted to a function of RH for use in COMSOL (see Table A6). Only 
Dww was active in the simulation because of the absence of rain. In WUFI, moisture storage functions are described by linear interpolation; thus, a linear interpolation 
was also used in COMSOL in the comparison between COMSOL and WUFI an in Step 2. In Step 3, piecewise cubic interpolation was selected, as it is easier to solve 
numerically. 

1 The concrete in the laboratory experiment had a high initial MC resulting from curing in a water bath for 28 days after casting. At free saturation, the water content 
in the concrete corresponded to an RH of approximately 1. This was numerically difficult to solve using COMSOL; thus, RH = 0.999 was used for the initial comparison 
between the WUFI and COMSOL and in Steps 1. RH = 0.98 was used in Step 2 to ease convergence.  

Table A6 
Liquid transport coefficients of concrete.   

WUFI Material database Used in the COMSOL model (Step 2 and 3) 

wc [kg/m3] Dww [m2/s] (redistribution) Dws (wc)[m2/s] (suction) RH [− ] Dww [m2/s] (redistribution) Dws (wc)[m2/s] (suction) 

C35/45 0 2.00E-11 1.00E-09 0 2.00E-11 1,00E-09    
0.1 2.70E-11  

29 4.00E-11 4.00E-09 0,2587 4.00E-11 4,00E-09 
72 6.00E-11 1.00E-08 0,749 6.00E-11 1,00E-08    

0.8 8.00E-11     
0.87 1.90E-10  

100 4.00E-10 n.a. 0,916 4.00E-10 n.a. 
116 8.00E-10 2.00E-08 0,9496 8.00E-10 2,00E-08    

0.96 2.50E-9  
130 8.00E-09 3.00E-08 0,9724 9.00E-9 3,00E-08    

0.985 3.00E-8  
147 1.00E-07 3.00E-07 1 1.00E-07 3,00E-07 

Masea 0 0 0 0 0 0 
101 5E-18 1.44E-8 0.754 5E-18 1.44E-8    

0.82 5.1E-18     
0.85 1E-17     
0.9 5E-17     
0.95 2E-16  

144 5E-16 2.86E-8 1 5E-16 2.86E-8 
Waterproof 0 0 0 n.a 

72 7.4E-12 7.4E-11 
85 2.5E-11 2.5E-10 
100 1E-10 1E-9 
118 1.3E-10 1.2E-9  
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Appendix B. Comparison between COMSOL and WUFI 

A two-dimensional model of the concrete wall segment from Ref. [10] was created using one-dimensional heat and moisture transfer physics in 
COMSOL. The geometry and user-controlled mesh called "Mapped" (rectangular mesh) are shown in Fig. B1. The epoxy paint on the interior side was 
modelled as a generic layer of 1 mm. A one-dimensional model of the same concrete wall segment was created in the WUFI. The grid was an Automatic 
(II) Fine 100 grid. In WUFI, the increased accuracy and adapted convergence were selected, and the adaptive time step control was enabled with step 
and max. stages: 5. The number of convergence failures was controlled; it was 0 for all simulations. The reduction in the MC at five concrete depths 
over six months was compared. The first comparisons showed large deviations between the results of the two programs. Corrections were made for 
both models to reduce the differences. Some of the changes were as follows:  

- The material data input was improved.  
- The transfer coefficients were improved.  
- The errors in the input data were corrected.  
- The mesh in the COMSOL model was improved. 

Small differences in the liquid transfer coefficient Dw between the two programs were identified as the primary cause of the deviation. The small 
differences in Dw were attributed to the implementation of the COMSOL as a function of RH instead of MC. Several points were added to "smooth" the 
Dw -graph until sufficient correlation between the two programs was achieved. The reduction in MC at the five concrete depths over six months is 
shown in Fig. B1.

Fig. B1. The simulation models, mesh, and decrease in RH at five points in the concrete during a period of six months obtained using WUFI (left) and COM-
SOL (right). 

Appendix C. Impact of RH in the cold humid climate chamber in Step 2 

The RH in the exterior climate chamber in the laboratory experiment was intended to be ~100%; however, owing to the freezing of the cooling 
pipes, maintaining a low temperature of approximately 5 ◦C proved to be difficult. Therefore, several tests were conducted, and a temperature of 5 ◦C 
and 80% RH was maintained by defreezing for 30 min each day. Figure C1 shows the comparison between the outward drying of the wall segments in 
the laboratory with 80% RH and outward drying of the wall segments in the exterior climate chamber with 99% RH. 
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Fig. C1. Drying of the concrete wall segments in the laboratory experiment with 80% RH in the exterior cold and humid climate chamber (upper); drying of the wall 
segments in the exterior climate chamber with 99% RH (lower). Concrete wall segments with medial positioning (left) and exterior positioning (right) of the dimpled 
membrane. The upper and lower graphs in each illustration show the decrease in RH during six months of drying at the five points in the upper and lower part of the 
concrete, respectively. The left and right plots show the RH and MC at two, four, and six months of drying. 

Appendix D. Results from one-dimensional simulations in Step 1 
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Fig. D1. Simulated decrease in MC in concrete wall segments over a 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 had 80% RH/5◦C; the air in the war chamber was 20% RH/20◦C. The total amount of dried out moisture is compared 
to the amount of moisture dried out in the laboratory study [10].  
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Fig. D2. MC decrease in concrete wall segments for various air exchange rates in the air gap behind the dimpled membrane (DM). The air in the cold chamber was 
80% RH/5◦C; the air in the war chamber was 20% RH/20◦C. 
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