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Summary

This paper intends to offer an overview of current knowledge in practical moisture safety in wood
frame house. Books, journal articles, reports and other documents at different levels regarding
moisture and moisture safety in different aspects are summarized. Possible gaps and flaws in
existing knowledge, such as, lack of blind verifications of moisture safety calculation tools, the
need to separate quantitative and qualitative issues in the moisture safety design processes and
the fact that mould growth model handle the influence of duration in different manners are reported.
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1. Introduction
1.1 Background

The interests of using wood frame constructions have increased during the last decade depending
on the intention to build more carbon dioxide, CO2, efficient houses [1]. In Northern European
countries there is also a tradition of wood frame houses and plenty of wood as raw material that
can be used in buildings [2] [3].

Regardless what materials or design system is used there is a need to build moisture safe
constructions. Moisture damages are linked to negative consequences, extra costs and cause
sickness and bad health because of inadequate indoor climate and Sick Building Syndrome [4].

Today, there is a relative good basic knowledge in the area of building physics, moisture transport
and factors affecting mould growth [5] [6] [7] [8] [9]. However, since moisture related damages still
is common and cause high costs and bad indoor climate it may be questioned if there are areas
with lack of knowledge and if or how knowledge in the moisture safety area are implemented in the
building industry [4] [10] [11].

1.2 Aim

The aim of this paper is to give an overview of current knowledge in the moisture safety area in
wood frame constructions. The intention is also to present new insights into underlying factors,
results from field studies and strategies to avoid mould and moisture damages as well as to
discuss mould models and calculation tools that can be used to predict mould and moisture
damages in wood frame constructions. Furthermore, the paper aims to show weaknesses and
gaps in existing knowledge and research in the moisture safety area and suggest direction of
further research.



1.3 Limitations

The paper does not include a complete review of all knowledge in the field and it is instead more a
kind of “state-of-the-art” that overviews and presents the latest knowledge. The study does not aim
to discuss and evaluate basic building physic knowledge. Furthermore, it is limited to focus on
wood frame constructions. Material data and boundary conditions are not considered. Additional
steps have been taken to especially present literature that is useful and applicable to applied
research and possible to use in real building constructions, without any further development. Some
references are given in national languages such as Swedish, Finnish and German.

2. Literature search method

This paper consists of studies and research documents at different levels. The connection between
and effects of qualitative and quantitative factors also make it necessary to include studies at
different levels. Therefore the study includes doctoral theses and international reviewed journal
articles as well as national institute reports, conference papers and master- and bachelor theses.

Initially, searches in open access data bases in the area were carried out, but mostly with poor
results. The only open database that showed relevant and reasonable hits was Google Scholar.
This may depends on that the topic of applied building physics seem to be primarily published for
national use since the construction sector is strongly national. In the area of mould and moisture,
the local climate has a big influence, and, consequently, only Nordic research is useful in the
Nordic area. Furthermore, the construction sector acts conservatively and in a closed manner [10]
[11], i.e. findings and knowledge are not supposed to be spread to competitors. Instead of a
random literature search on Google Scholar, references and authors in known documents were
used to find new relevant documents. A risk with this kind of search is that critical articles may have
been excluded.

Furthermore, conference proceedings from the latest conferences in the area have been used and
scanned. This has given both an overview of the present knowledge level and a good picture of the
most recent research results that have been published.

The fact that some research in the area is connected to national experience or local conditions and
traditions have made that national institute reports and master’s and bachelor’s theses also have
been studied. In addition, the SP Technical Research Institute of Sweden database was used.

3. Summary of studied representative papers, articles and documents

Below are important facts from several studied journal articles, conference papers, thesis and other
documents summarized in different groups depending on their content. A more detailed description
of total 146 documents is shown in a separate report [12].

3.1 Laws, Rules and Regulations, Enquiries and National Investigations and Reports

By studying building laws, rules and regulations concerning mould and moisture in some European
countries it seems that there is variation in demands, structure and limitations. Some countries
focus on qualitative limits and some connect mould and moisture risks to inhabitant’s health.
Furthermore, there are countries that give recommendations, qualitative or quantitative, how to
avoid mould and moisture related damages. In general, studied laws, rules and regulations seem
to be underdeveloped compare to regulations in other building areas such as statics, availability,
fire safety and energy use [13] [14] [15].

Furthermore, studied Swedish national investigations show that there is a lack of knowledge in the
moisture safety area and unclear responsibilities [10] [16]. Verified methods and calculation tools to
predict and avoid moisture damages are also required [4].



3.2 Moisture Safety Design Mehtods

Different moisture safety design processes and methods to avoid moisture related damages have
been found. Some methods concern qualitative issues, i.e. practical or basic knowledge, and some
quantitative issues, i.e. measurable [12]. Only one moisture safety design method that concern
both qualitative and quantitative issues and cover the entire building process has been found [17].
Studied quantitative methods focus on a maximum relative humidity with respect to duration limits
to avoid mould growth in buildings [18] or use statistic methods calculating the risk of mould growth
[19] [20]. There are also moisture safety design methods that focus on qualitative issues [21].
General guidelines in order to achieve high quality timber buildings where moisture related
questions are briefly discussed have also been found [22].

3.3 Mould Growth Models

Relative humidity (%) There is a broad agreement that different material
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3.4 Water Proofing Membranes in Wet Rooms/ Bathrooms

Bathrooms, and other wet rooms, are pointed out as an area where mould and moisture damages
have high cost [4]. Many bathrooms with exterior walls made of wood in Nordic European countries
have three different vapour resistance membranes. To avoid damages, the interior waterproofing
membrane in bathrooms has to have a higher vapour resistance compared to the other vapour
membranes in the wall. Studies show that many waterproofing membranes has to low vapour
resistance compare to other vapour retarder membranes in the wall. Therefore penetrating vapour
become locked in, between the interior waterproofing membrane and the vapour retarder, and
creates mould damages [29]. Acceptable vapour resistance of weather or wind resistive barrier in
the outer part of the wall depends on the vapour resistance on the other membranes and the
exterior climate. Furthermore, the vapour resistance is often given by a test method that neglects
the influence of high relative humidity. Unfortunately, waterproofing membranes have shown
significantly higher vapour diffusivity if there is a high relative humidity, which naturally occurs in
bathrooms. This increase the risk of moisture related damages in exterior bathroom walls [30].

Many damages also occurs dependent on detailing errors. Several waterproofing membrane
systems have been tested for leakages in or close to installations, pipes penetrations or other
details with bad results. None of the systems had acceptable solutions for detailing [31]. The
influence of detailing errors is also shown in damages investigations where the main cause of
damage was poor sealing around or close to the floor drainage point. An interesting result from a
limited study shows that “amateur” work appeared to be better than work carried out by
professional workers [32].



3.5 Airtightness in Buildings

The quality of airtightness in buildings mainly depends on good detailing and a building design or
building system that allows good joints between airtight membranes. Plenty of examples with
constructions detailing and solutions of how joints can be put together and sealed have been found,
both as literature and in forms of mounting instructions from material industry [33] [34] [35]. There
are also validations made of different sealing methods [36]. New materials, especially membrane
tools for joints and detailing, seem to be constant developed by the industry. Furthermore, methods
handling air tightness during the entire building process, including verifications, have been found
[37].

3.6 Rendered Non-Drained and Unventilated Facades

It is well known that rendered non-drained wood frame walls without a ventilated cladding, so-
called ETICS design, are a risk construction [38]. A great number of moisture damages have been
found in houses with this design [39]. The main causes of damages are detailing error, poor
workmanship and leakages of penetrating driving rain. Suggestions of possible moisture safe
repairs for damaged walls [40] as well as studies showing the positive effects and importance of a
well-ventilated air gap behind the claddings have been found [41] [42].

3.7 Moisture Risks During the On-Site Construction Phase

Recent Swedish field studies show that mould growth are noticed in wood frame houses that have
become exposed to only one rain during the on-site production of wood element, even in cases
where the mounting have been completed in one day. The risk of mould growth is highly
dependent on the prevailing weather conditions during the on-site production until the house is
made weather tight [43]. Furthermore, laboratory studies show that if sills or studs become
exposed to rain during the construction phase they also become damaged by mould growth [44].
However, there are general and detailed methods, descriptions and measuring methods of how to
control and handle moisture in wood material during the on-site construction phase [17] [43] [45].

3.8 Well-insulated Wood Frame Houses

Well-insulated constructions are generally more sensitive to mould- and moisture damages
compared to less insulated constructions [46]. This depends on several factors such as higher
amount of initial construction moisture, longer dry out times and a higher amount of cold parts in
the construction. To build moisture safe well-insulated wood frame houses there have to be a well-
ventilated and drained air gap behind the cladding, the influence of driving rain have to be
considered and organic materials in the outer part of walls have to be protected by mould resistant
thermal insulation. Furthermore, there is a need of an interior vapour barrier in cold climate and the
outer parts of walls have to have vapour diffuse open materials to facilitate the dry out process of
in-leaking water and initial construction moisture [8] [47]. However, the risk of increased moisture
damage is not significantly higher in newly build Swedish cold attics since they are already
normally well-insulated [48]. The influence of long wave radiation and the air ventilation rate in cold
attics also have a major influence on the risk of mould growth damages in attics [49].

3.9 Air Flow Rate in the Air Gap in Ventilated Cladding

Different studies establish the need of a well-ventilated and drained air gap behind the cladding for
several moisture safety reasons. The service life of the facade is positively affected of a well-
ventilated air gap [50]. The dry out potential from both the fagade and the wood frame wall on the
inside of the air gap increase if the air gap is well-ventilated [42]. In case of a brick fagade with a
wood frame construction behind the air gap it is even more important to establish a proper air flow
in the air gap, which gives a high air ventilation rate, in order to achieve a moisture-safe building
[51]. A 25 mm wide air gap behind wood fagades and a 50 mm wide air gap behind brick fagcades is
suggested [42] [47] [52]. Furthermore, the importance of a well-ventilated air gap increases in well-
insulated wood constructions. A well-ventilated air gap with vertical or perforated battens also has
positive effects on drainage and decreasing the air pressure difference over the cladding [47].



3.10 Moisture Calculation Programs

There is a need of reliable and user friendly calculation tools that could be used to predict and
avoid moisture related damages [4]. Several moisture calculation programs with coupled heat- and
moisture transport have been found [12]. Most of the programs use forward differential equations
methods [6] [53] [54] [55] [56]. The availability of using forward differential equation method in real
cases has been known since the 70°s. However, it has not been possible to apply this knowledge
to real conditions because of the lack of computer capacity [53]. Some programs based on the
finite element calculation method have also been found [12] [57]. Many programs seem to be
based on the same general equations and then further developed from each other. Most of the
programs also seem to be made for research purposes. Three, WUFI, DELPHIN and COMSOL, of
eleven studied programs seems to be user friendly and could be used as moisture safety tools in
the design phase by the industry. COMSOL is based on the finite element method [12]. COMSOL
and DELPHIN are also perceived as more complex compare to WUFI. More complex two-
dimensional versions also exist of some programs. There are plenty of studies where calculated
values have been compared with measured values. Both independent and dependent comparisons
made by the developer were found [6] [53] [58] [59] [60]. However, none of over 50 known studies
seems to make blind comparison between measured and calculated values, i.e. not knowing
measured results before the calculation is made [12]. Furthermore, some studies show the
importance of using appropriate boundary conditions to get reliable results, such as air flow in the
air gap and the influence of driving rain [40] [47] [58] [61] [62].

4. Summary, discussion and conclusions

The summary, discussion and conclusions intend to point out examples of relevant knowledge and
to give examples of gaps where there is a lack of knowledge and suggest further research. Based
on the studied journal articles, conference papers, dissertations, theses, standards, books and
other documents, knowledge could be summarized and several conclusions could be established
based on the contents of several documents.

In general it is obvious that there is lot of Swedish knowledge that only is national published and
not widely spread to the international research society. It is also obvious that basic knowledge
exists in the area of heat, moisture, moisture transport and mould models. However, there are
several documents that establish the need of further research in the area since moisture related
damage is common and has a great effect on both financial and health issues. Furthermore, the
construction industry needs to carry out further work with regard to moisture protection in existing
construction systems. Investigations also show that attitude, unclear responsibilities and
deficiencies handling moisture safety issues in the industry are a part of the problem.

There is broad agreement about the main factors affecting the risk of mould growth. However,
possible ways of reducing mould growth and its influence on health need to be further investigated
as well as critical levels with regard to the effects and duration. The effects of short-time variations
between critical and non-critical conditions also have to be further studied. Mould models also
need to be further developed to direct or indirect show possible actions how to reduce or avoid the
risk of mould growth in critical constructions.

Moisture safety design process is needed to reduce the risk of mould and moisture related
damages. It is established that both qualitative and quantitative issues need to be considered in
the moisture safety design process and it needs to be in focus and dealt with from the planning
phase, throughout the entire building process.

New waterproofing membranes and systems with high quality joints in bathrooms need to be
developed. There is also a need to ensure the vapour tightness when the membranes are in
contact with high relative humidity. The difference in vapour resistance between different
membranes in exterior bathroom walls also needs to be handled in the design and construction
phase.

Generally there are good materials, tools and detailing solutions to build airtight constructions. It



also seems to be a positive ongoing developing process with new materials and new tools in the
material industry. However, it is always best to try to find design solutions with good opportunities
for easy made airtight joints and membrane connections.

Experience and studies from rendered non-drained and unventilated facades with wood frame
walls, so-called ETICS constructions, could be summed up with that those kinds of constructions
should be avoided in order to build moisture safe wood frame constructions. The importance of a
ventilated air gap behind the fagade in order to reach a long service life is also established. No
matter the design the influence of driving rain have to be considered, which can be made by a well-
ventilated and drained air gap behind the facade.

It is possible to build wood frame constructions with high thermal resistance, but there is an
increased risk of mould and moisture damage. A number of specific factors affecting the moisture
safety of well-insulated wood frame houses have been identified and must be considered. For
instance, the organic materials in the outer part of the wall needs to be protected, preferably by a
mould resistance vapour diffuse open insulation board. Furthermore, the importance of a well-
ventilated air gap behind the fagade cladding increases with well-insulated wood frame walls.

Wood frame houses cannot become exposed to rain during the construction phase in order to
safely avoid the risk of mould growth. By build under tent or concentrate the on-site construction to
a day without rain in case of building element houses, this risk could be neglected. This is
especially important in well-insulated houses which are more sensitive to moisture.

| order to predict and avoid moisture damage it is also shown that there is a need for user-friendly
and reliable moisture calculation tools and methods. User-friendly tools exist but do not seem to be
widely spread in the construction industry. However, none of the studied moisture calculation tools,
no matter if they are commercial or used for research, seems to be verified to real conditions by
blind comparisons.

5. References

[11 DODOO A., GUSTAVSSON L., and SATHRE R., “Effect of thermal mass on life cycle primary
energy balance of a concrete- and wood-frame building”, Applied Energy, Vol. 92, April 2012,
pp. 462-472.

[2] BJORK C., NORDLING L., and REPPEN L., "Singel family house design — Swedish single
family house architecture 1890-2010”, Falth & Hassler, Varnamo 2009, ISBN 978-91-540-
6005-4, in Swedish.

[3] BJORK C., KALLSTENIUS P., and REPPEN L., "Old house design 1880 - 2000”, Edita
Ljunglofs, Stockholm 2003, ISBN 91-540-5888-0, in Swedish.

[4] THE SWEDISH NATIONAL BOARD OF HOUSING, BUILDING AND PLANNING, “The
standard of our houses — Report on the Swedish government’s commission regarding the
technical standard of Swedish buildings”, Boverket 2009, ISBN 978-91-86342-28-9, in
Swedish.

[5] NEVANDER L-E., ELMARSSON B., "Moisture handbook — practice and theory”, third
addition, AB Svensk byggtjanst, Elanders Infologistics Vast AB, Monlycke 2007, ISBN 978-
91-7333-156-2, in Swedish.

[6] KUNZEL H. M., “Simultaneous heat and moisture transport in building components — One-
and two-dimensional calculation using simple parameters”, Doctoral thesis, Fraunhofer
Institute of Building Physics, Fraunhofer IRB Verlag, Stuttgart 1995, ISBN 3-8167-4103-7.

[71 KRUS M., “Moisture transport and storage coefficients of porous mineral building materials —
Theoretical principles and new test methods”, Doctoral thesis, Fraunhofer Institute of Building
Physics, Fraunhofer IRB Verlag, Stuttgart 1996, ISBN 3-8167-4535-0.

[8] VINHA J., “Hygrothermal performance of timber-framed external walls in Finnish climatic
conditions: A method for determining the sufficient water vapour resistance of the interior
lining of a wall assembly”, Doctoral thesis, Tampere university of technology, publication 658,
ISBN 978-952-15-1742-6.

[91 VITANEN H., “Factors affecting the development of mould and brown rot decay in wooden
material and wooden structures. Effect of humidity, temperature and exposure time”, Doctoral



[10]

[11]

[12]
[13]
[14]
[19]
[16]
[17]
[18]

[19]
[20]
[21]
[22]

[23]

[24]

[29]

[26]

[27]

(28]

[29]

[30]
[31]

thesis, Department of Forest Products, Swedish University of Agricultural Sciences, Uppsala,
Sweden, 1996, ISBN 91-576-5115-9.

SWEDISH BUILDING COMMISSION 2002, "Come on guys! — Competition, quality, costs
and competence in the Swedish construction industry”, The Swedish Ministry of Health and
Social Affairs, SOU 2002:115, in Swedish.

THE SWEDISH AGENCY FOR PUBLIC MANAGEMENT, "Slow guys? — A follow-up report to
the Building Commission’s report “Come on guys!””, Stadskontoret 2009:6, 2008/61-5, in
Swedish.

MUNDT-PETERSEN S.0., “Literature study / State-of-the-art — Mould and mosisture safety
in constructions”, Report TVBH-3053, ISBN 987-91-88722-44-7.

THE SWEDISH NATIONAL BOARD OF HOUSING, BUILDING AND PLANNING, “Swedish
Building Regulations 2008”, Boverket 2008, ISBN 978-91-86045-03-6, in Swedish.

THE FINNISH MINISTRY OF ENVIRONMENTAL, “Finnish building regulations — C2
Moisture”, Housing and Building department 1998, in Finnish or Swedish.

ASTRIAN FEDERAL CHANCELLERY, “Thermal insulation in building construction — Water
vapour condensation — ONORM B 8110 part 2”, 1995, in German.

ARFVIDSSON J., and SIKANDER E., "Moistureproof construction — A survey study of the
knowledge in the area”, FoU-Vast, 2002, SG idé & tryck AB, ISSN 1402-7410, in Swedish.
MJORNELL K., ARFVIDSSON J., and SIKANDER E., "A method for including moisture
safety in the building process”, Indoor and Built Environment, Vol.21, No. 4 pp 583-594 2012.
ALTAMIRANO-MEDINA H., DAVIES M., RIDLEY |., MUMOVIC D., and ORESZCZYN T.,
“Guidelines to avoid mould growth in buildings”, Advances in Building Energy Research, Vol.
3, No. 1, 2009, pp 221-236.

NEVANDER L-E., ELMARSSON B., "Moisture safety design of timber constructions”, Report
R38:1991, Lund University, Byggforskningsradet, ISBN 91-540-5350-1, in Swedish.

JUN MOON H., and AUGENBROE, “Empowerment of decision makers in mould
remediation”, Building Research and Information, Vol. 36, No. 5, pp 486-698, 2008.
HARDERUP E., “Moisture safety design using general checklist”, Report TVBH-3031, Lund
University, 1998, ISBN 91-88722-14-7, in Swedish.

TORATTI T., “Quality of timber construction — Guidance for building and load bearing
structures”, Report RIL240-2006, Finnish Association of Civil Engineers, ISBN 951-758-468-
7, English translation.

VIITANEN H., VINHA J., SALMINEN K., OJANEN T., PEUHKURI R., PAAJANEN L., and
LAHDESNAKI K., "Moisture and biodeterioration risk of building materials and structures”,
Journal of Building Physics, Vol. 33, No 3, pp 201-224, January 2010.

VIITANEN H., OJANEN T., “Improved model to predict mold growth in building materials”,
Thermal Performance of the Exterior Envelopes of Whole Buildings X — International
Conference, ORNL, Florida, USA 2007.

SEDLBAUER K., “Prediction of mould fungus formation on the surface of and inside building
components”, Doctoral thesis, Fraunhofer Institute for Building Physics, University Stuttgart,
2001, English translation.

ISAKSSON T., THELANDERSSON S., EKSTRAND-TOBIN A., and JOHANSSON P., “Critical
conditions for onset of mould growth under varying climate conditions”, Building and
Environment, Vol. 45, No. 7 pp 1712-1721 2010.

PIETRZYK K., SAMUELSON 1., and JOHANSSON P., “Modelling reliability of structure with
respect to incipient mould growth”, 9" Nordic Symposium on Building Physics — NSB 2011,
Tampere Finland 2011.

TOGERO A., SVENSSON TENGBERG C., and BENGTSSON B., "m-model: a method to
assess the risk for mould growth in wood structures with fluctuating hygrothermal conditions”
9" Nordic Symposium on Building Physics — NSB 2011, Tampere Finland 2011.

JANSSON A., and SAMUELSON I., “Double sealing layers in the external walls of wet rooms
with internal tile cladding”, SP Technical Research Institute of Sweden, Report 2005:20, ISBN
91-85303-51-8, in Swedish.

JANSSON A., “Sealing layer behind tiles in wet rooms exterior walls”, SP Technical Research
Institute of Sweden, Report 2006:46, ISBN 91-85533-34-3, in Swedish.

JANSSON A., and SAMUELSON |., “Water barrier in wet rooms — functional tests of flexible
sheeting”, SP Technical Research Institute of Sweden, Report 2011:01, ISBN 978-91-86622-
25-1, in Swedish



[32]
[33]
[34]
[39]
[36]

[37]
[38]

[39]

[40]
[41]

[42]

[43]

[44]
[49]

[46]
[47]
[48]
[49]

[50]
[51]
[52]
[53]
[54]

[59]

JANSSON A., “Wet rooms floors with ceramic tiles on wooden slabs”. SP Technical Research
Institute of Sweden, Report 2010:05, ISBN 978-91-86319-41-0, in Swedish.

WAHLGREN P., “Good examples of airtight details”, SP Technical Research Institute of
Sweden, Report 2010:09, ISBN 978-91-863319-45-8, 2010, in Swedish.

ADALBERTH K., “Good airtightness — guidelines for architects, building designers and
condtractors”, Byggforskningsradet, Report T5:1998, ISBN 91-540-5809-0, 1998, in Swedish.
WAHLSTRAND J., "Curtain walls from air safety and moisture safety”, Bachelor thesis,
Uppsala University, ISRN UTH-INGUTB-EX-B-2012/00-SE, 2010, in Swedish.

SANDBERG P. I., and SIKANDER E., "Air flows in and around built structures”, 3 parts, SP
Technical Research Institute of Sweden, Report 2004:22, ISBN 91-7848-995-4, 2004, in
Swedish.

SIKANDER E., “BuildA — method for airtight constructions”, SP Technical Research Institute
of Sweden, Report 2010:73, ISBN 978-91-86622-15-2, 2010, in Swedish.

SAMUELSON I., MJORNELL K., and JANSSON A., “Moisture damages in rendered, non-
drained, well-insulated stud walls — state-of-the-art October 2007”, SP Technical Research
Institute of Sweden, Report 2007:36, ISBN 978-91-85533-97-8, 2007, in Swedish.

JANSSON A., “External plaster stud walls 2011 — Experience from studies that SP has
performed”, SP Technical Research Institute of Sweden, Report 2011:61, ISBN 978-91-
86622-92-3, 2011, in Swedish.

SAMUELSON I., and JANSSON A., “External plaster stud walls”, SP Technical Research
Institute of Sweden, Report 2009:16, ISBN 978-91-86319-00-7, 2009, in Swedish.
HAGERSTEDT S. O., and HARDERUP L.-E., “Importance of a Proper applied Airflow in the
Facade Air Gap when Moisture and Temperature are Calculated in Wood Framed Walls”, 5
International Symposium on Building and Ductwork Air-tightness, Copenhagen, Denmark
2010.

FALK J., “Ventilated cavity behind fagade in external walls — air change rate and convective
moisture transport”. Licentiate thesis, Report TVBM-3155, Lund University, 2010, ISSN 0348-
7911, in Swedish.

OLSSON L., MJORNELL K., and JOHANSSON P., “Moisture and mould in prefabricated
timber framed constructions during production until enclosure of the house”, 9" Nordic
Symposium on Building Physics — NSB 2011, Tampere Finland 2011.

OLSSON L., “Laboratory investigation of sills and studs exposed to rain”, SP Technical
Research Institute of Sweden, Report 2011:18, ISBN 978-91-86622-49-7, in Swedish.
BRANDER P., ESPING B., and SALIN J.-G., “Moisture in wood during the construction phase
— Moisture properties, requirements, handling and measurements. SP Technical Research
Institute of Sweden, Report 2005:24, ISBN 978-91-976310-0-6, in Swedish.

NEVANDER L. E., and ELMARSSON B., “Moisture safety design of timber constructions”,
Report R38:1991, Lund University, Byggforskningsradet, ISBN 91-540-5350-1, in Swedish.
HAGERSTEDT S. O., “Moisture safe wood frame constructions — guidelines for wall design”,
Report TVBH-3052, Lund University, 2012, ISBN 978-91-88722-43-0, in Swedish.
SAMUELSON 1., “Increased risk of moisture damages in well-insulated houses”, Bygg &
Teknik, Swedish branch journal, No. 5, 2008, ISSN 0281-658X, in Swedish.

HANSSON D., and LUNDGREN N., “The problem of insulation in loft ceiling beams in
outdoor air ventilated attics”, Bachelor thesis, KTH — The Royal Institute of Technology, 2009,
in Swedish.

NORE K., “Hygrothermal performance of ventilated wooden cladding”, Doctoral theses,
Report NTNU 2009:31, Tapir Uttrykk, ISBN 978-82-471-1430-8.

SANDIN K., “Wood frame constructions with brick facades — Moisture safety in constructions”,
Byggforskningsradet, Report T10:1993, ISBN 91-540-5541, in Swedish.

SANDIN K., “Moisture and temperature conditions in brick facades constructions”,
Byggforskningsradet, Report R43:1991, ISBN 91-540-5360-9, 1991, in Swedish.
SANDBERG P. |., “Moisture balance in building elements exposed to natural climate
conditions”, Doctoral thesis, Lund University, Report 43, Lund 1973, in Swedish.

SASIC KALAGASIDIS A., “HAM-Tools - An Integrated Simulation Tool for Heat, Air and
Moisture Transfer Analyses in Building Physics”, Doctoral thesis, Chalmers University of
Technology, 2004.

HAUPL P., GRUNEWALD J., FECHNER H., and STOPP H., “Coupled heat, air and moisture
transfer in building structures”, International Journal of Heat and Mass Transfer, Vol. 40 No. 7,



[56]

[57]

[58]

[59]

[60]

[61]

[62]

May 1997, pp 1633-1642.

MAREF W., COMIC S., ABDULGHANI K., and van REENEN D., “1-D hygIRC: a simulation
tool for modeling heat air and moisture movement in exterior walls”, IRC - Building science
insight 2003 seminars series, NRC — CNRC, October 2003, pp 1-10.

RODE C., and BURCH D. M., “Empirical validation of a transient computer model for
combined heat and moisture transfer’, Thermal envelopes VI, Thermal performance of the
exterior envelopes of building VI, Florida, USA, 1995.

HAGERSTEDT S. O. and ARFVIDSSON J., “Comparison of Field Measurements and
Calculations of Relative humidity and Temperature in Wood Framed Walls”, 15" International
Meeting of Thermophysical Society, Thermophysics 2010 — Conference proceedings. Bruno
University of Technology, 2010, ISBN 978-80-214-4166-8.

LAUJJARINEN A., and VINHA J., Comparison of calculation and measured values of wall
assembly test using Delphin 5”, 9" Nordic Symposium on Building Physics — NSB 2011,
Tampere Finland 2011.

MAREF W., LACASESS M., KUMARAN M. K., and SWINTON M. C., “Benchmarking of the
advanced hygrothermal model-hygIRC with mid scale experiments”, eSim 2002, Proceedings,
Montreal, September 2002, pp 171-176.

AMERICAN SOCIETY OF HEATING, REFRIGERATING and AIR-CONDITIONING
ENGINEERS, “ASHRAE 160-2009 - Criteria for moisture-control design analysis in
buildings”, Atalanta 2009, US, ISSN 1041-2336.

Van der BOSSCHE, LACASEES M., and JANSSENS, “Watertightness of masonry walls: An
overview”, 12" International conference on durability of building materials and components —
Xl DBMC, Porto Portugal 2011.



