E3S Web of Conferences 172, 10001 (2020) http://doi.org/10.1051/e3sconf/202017210001
NSB 2020

Moisture safety in CLT construction without weather protection —
Case studies, literature review and interviews
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Abstract. This project aims to expand understanding of how cross-laminated timber (CLT) constructions,
including joints, connections and attachment points, are impacted by precipitation during construction. The
project’s case studies have been based on measurements of moisture contents and material sampling as well
as microbiological analysis during the construction stage of the structure. The study does not include control
of remediation. A literature review and interviews with seven individuals also were conducted. The results
are based on two case studies with a total of four buildings. The field measurements show microbiological
growth in all buildings and essentially on all investigated floor structures. Of a total of 200 analysed
measuring points, half had some growth and about a third had moderate or extensive growth. Based on the
outcome, it seems difficult or impossible to avoid the appearance of microbial growth during construction
with CLT without weather protection. The literature review shows that microbiological analysis of CLT is
extremely rare in both laboratory and field studies, which indicates that there are obvious shortcomings in
the scientific work in practical studies. However, there seems to be good awareness in the literature that
theoretical studies often conduct mould growth risk evaluations. In the survey, half of those interviewed
believed that remediation was needed only in the case of growth visible to the naked eye. There appear to be
no moisture safety assembly methods or solutions for CLT construction without weather protection or
declaration of the critical moisture conditions for CLT products. As a result, it is recommended that weather
protection is used, preferably complete weather protection.

1 Introduction even when exposed to precipitation. There is, however, a
lack of verified documentation for this belief.

1.1 Background

There are many advantages of wood as a building
material. High bearing capacity with low dead weight,
flexible solutions with high prefabrication levels and fast
building processes, relatively good insulating properties
in relation to many other framing materials, financial
advantages and environmental advantages are some of
the explanations for the increased use of wood in larger
buildings. The building industry’s major focus on
resource efficiency means an increase in timber
construction, particularly the large increase of building
in modules of cross-laminated timber. Many modules are
purchased from other countries in Europe where the use
of weather protection is non-existent. A new
phenomenon for Sweden in large-scale timber
construction is timber building suppliers that have
partially adopted European building methods and 1.2 Purpose
building without weather protection, see Figure 1, in the
form of tents and instead attempting to minimise weather
impacts and aiming to manage to dry up before
moisture-related problems occur. There is a belief in the
industry today, even internationally, that CLT’s dense
wood constitution allows moisture safety construction

Fig. 1. Ongoing assembly of CLT frame without weather
protection in central Sweden.

The project aims to expand understanding of how cross-
laminated timber (CLT) constructions, including joints,
connections and attachment points, are impacted by
precipitation during construction and how to manage
moisture safety. This will enable the industry to
determine weather-protection needs.
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1.3 Scope and focus

The project involves following the construction of the
structure of four seven-floor buildings located in two
different areas of the country. Each building is followed
up with instantaneous electric-resistance moisture
measurements and sampling for microbiological analysis
of solid wood structure during construction as far as
practically possible within the framework of the project.
The surrounding climate conditions both indoor and
outdoor are followed up and the climate is assessed with
mould risk simulations. The project also includes an
interview study of seven individuals (site managers,
project engineers and consultants) with experience of
CLT constructing without weather protection. A
literature review looking at moisture and mould is also
conducted.

The moisture safety plans for the construction
projects are documented before the start of construction
and construction is then followed up with random
sampling to evaluate how the plan is actually followed
by moisture experts on the construction project.

The project focuses on moisture and microbial
growth in CLT construction. It is aimed at solid wood
building systems with assembled CLT panels assembled
using mechanical attachments on site. The study does
not cover completion of the building envelope, insulation
and interior and exterior surfaces nor highly
prefabricated construction systems where CLT panels
are assembled using insulation, installations, carpentry or
any complete surface layers straight in the factory. This
research project has not included follow-up of
remediation efforts

2 Literature review

2.1. Regulations and specifications

The Swedish Building Code makes clear demands on
moisture safety [1]. The general advice is that buildings,
building products and building materials should be
protected from moisture and dirt during the construction
period. Control that material is not damaged by moisture
during the construction period should take place through
documented inspections, measurements or analyses. The
general material and work specifications for construction
[2] require “Wood materials and wood products to be
protected from moisture during and after assembly to
avoid microbial growth and other problems”.

2.2. Literature review

Moisture effects on timber have been studied previously
[3, 4] and appropriate weather protection has been
developed and studied over many years [5-7]. CLT
handbooks and published national and international
recommendations recommend that CLT be protected
from moisture [8-10].

Mould growth on wood can begin immediately at
high humidity and exposure to water at favourable
temperatures [11, 12]. “Wood is a material that easily

grows mouldy and the mould can grow quickly if the
conditions are favourable” [13]. A critical requirement
for microbial growth is moisture, and a relative humidity
over 75% or a moisture content of over 15% have been
shown to be sufficient moisture levels to allow mould to
grow at favourable temperatures and duration. Since
wood can have different moisture contents at 75%
relative humidity depending on whether the material is
absorbing moisture or drying out, known as hysteresis,
the critical moisture content can vary. During drying out,
the critical limit is over 18% moisture content [14].
Wood sill plates and floor studs exposed to 24-hours of
water and then more or less prevented from drying out
immediately have a great risk of mould growth [15].
Mould growth is often invisible to the naked eye, so
detection requires magnification using a microscope [4,
16].

A general literature review of over 30 publications on
CLT has been done, [3, 8, 10, 17-47]. It indicates that
microbiological analysis of CLT exposed to critical
moisture levels or standing water is unusual, only one
practical study did microbiological analysis [30]. It
seems that there is often a lack of scientific knowledge in
field and laboratory studies since the consequences of
critical moisture content are not examined using
microbiological analysis. The result is that in those cases
it is not possible to say whether mould has developed or
not, except when it is visibly obvious. Several theoretical
studies, however, do note the risk of mould growth based
on mould risk simulations. These theoretical studies,
however, rarely include the critical components that take
the longest to dry. Many studies note that more research
is needed on moisture in CLT.

3 Interviews

Interviews have been conducted with seven individuals
with experience of CLT construction without weather
protection. These individuals come from different
companies and from different areas in southern and
central Sweden. All the individuals have experience of at
least one building project without weather protection and
several have experience from multiple projects. Most
have extensive experience from the building industry.
The interviews covered such as questions as: Why is
construction done without weather protection? What
methods are used to reduce water exposure? What is
critical moisture content? Is mould growth a problem?
How is this checked? Is mould visible for the naked eye?
Is unseen mould a problem? How is mould growth
remediated?

A summary of the responses indicates that most feel
that there is a large difference in project costs between
having and not having weather protection. Although
moisture safety was planned for, the construction
projects these individuals were involved in took place
without weather proofing, which is contradictory since
this type of planning is to lead to moisture safety
construction. Remediation was probably included in the
planning since all those surveyed, used remediation to
address moisture. About half of the individuals felt that
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only remediation is needed when there is visible growth
even though all of the individuals know that mould
growth can be invisible. Few knew that the National
Building Regulations specify a limit [1] for critical
moisture content at 75% relative humidity for materials
and products that lack documentation. Everyone,
however, responded that the critical moisture content
was landed at 15-18% and several noted that these
values may not be exceeded when the material is
incorporated into the building. A common method of
removing growth seems to be sanding.

4 Case studies

4.1. Four buildings

The construction of the structure for a seven-floor office
building in western Sweden, Figure 2, was monitored
using measurements. The building frame consists of
seven floors of laminated columns and CLT floor
structures. The floor structures consist of seven layers
with planed timber with a total CLT thickness of 230
mm and the upper layer with a thickness of 40 mm. The
frame has also been braced with steel columns and steel
floor beams. The CLT moisture content at delivery was
12%. The frame began to be built in January 2018 and
was divided into three stages where half of the building’s
frame, stage A, was built to floor structure five. Then the
second half of the building was built, stage B, to the fifth
floor. Each floor required approximately up to three
weeks for assembly. Stage C began from the fifth floor
and the roof was made watertight at the end of July
2018.

Three seven-floor buildings in central Sweden were
studied as their frames were built, see Figure 1 and 3.
The building frames consist of CLT walls and CLT floor
structures. The floor structures consist of 5 layers with
planed timber with a total CLT thickness of 200 mm and
the upper layer with a thickness of 40 mm. The exterior
walls had a thickness of 200 mm and the interior walls
were between 140 and 200 mm thick CLT. The CLT
moisture content at delivery was also 12%. The wood
frame of the first building was assembled in December
2018 and the roof was watertight in the beginning of
March 2019. The second building began to be assembled
in January 2019 and the roof was watertight in mid-
March 2019. The third building began to be assembled in
March 2019 and the roof was watertight in mid-May
2019.

Fig. 2. Frame construction at the case study in west Sweden
and snow on the floor structures. Assembly of CLT frame
without weather protection.

Fig. 3. Ongoing assembly with water standing on the floor
structure after precipitation in central Sweden.

4.2. Moisture safety efforts during construction

The reason for building without weather protection is
primarily financial. The projects included planning for
moisture safety and a moisture specification document
was produced. This work has been followed and
monitored regularly by the contractor’s moisture safety
manager and the developer’s moisture expert. Methods
for attempting to limit water exposure were planned, and
in cases where the consequences of moisture build up
and microbial growth cannot be avoided, then these are
to be remediated. Several different methods were tested,
such as taping, see Figures 3 and 4, covering joints or
holes with plywood boards, covering the edges of floor
structures with felt paper, and separating wood columns
or CLT walls from the floor structures by placing them
on steel stands, plastic blocks or sound and vibration
pads. Water was removed with a wet vacuum cleaner.
The plan was for each floor structure to be exposed to
the weather for at most 1-2 weeks and that they could be
exposed to water from precipitation.
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4.3. Could the moisture safety plan be followed?

The CLT provider had no problem meeting the specified
12% moisture content at delivery of these projects.
Moisture measurements were conducted about every
other or every third week and were documented by the
contractor’s moisture safety manager and/or the
developer’s moisture expert. It proved difficult to keep
the tape attached during precipitation while assembly
took place and sometimes the tape fell off. It was also
difficult to seal uneven surfaces and connected openings
in the floor structure. The conclusion was that it was not
possible to completely seal using tape. It was also
difficult to ensure that the seals created with boards and
plywood remained sealed. Since the leaky parts of the
floor structure were located in about the same spots
vertically, water was able to continue to several lower
floor structures since these were also leaky at the same
points, see Figures 5 and 6.

Fig. 4. Taped floor structure joints.

It proved difficult to remove water quickly and with
larger leaks it was difficult to vacuum away all of the
water in a timely fashion. Since most of the floor
structures were exposed to water, they had a high
moisture content on these surfaced until they were dried.
Remediation of surfaces consisted of sanding, sawing
with a circular saw in openings, and other measures, and
there was more remediation work than planned. This
information was provided by the moisture safety
manager or the developer’s moisture expert.

Fig. 5. On several occasions, water pooled on the floor
structure. Precipitation ran down primarily from the above
floor structures.

Fig. 6. Pooled water on floor structure in central Sweden.
Precipitation ran down from the above floor structures.

4.4. Ambient climate

Data on the immediate surrounding outdoor weather
conditions for the case studies in west Sweden and
central Sweden were taken from nearby weather stations
[48]. The weather stations were located about 10
kilometres from the buildings. Measurement data for
outdoor conditions, such as relative humidity,
temperature and precipitation, see for example Figure 7,
were taken from the Swedish weather services’ database
[48].
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Fig. 7. Precipitation in mm rain per day and cumulative in mm
rain during construction stage in central Sweden.

The indoor conditions have been followed up
regularly with continual measurements of air relative
humidity in the rooms and the air temperature on some
of the floors where the buildings have been covered or
sealed.

Measurement  uncertainty for the continual
measurements (Protimeter Hygrotrac) at the central
Sweden site for relative humidity is estimated at +4%
and £0.5 °C for the temperature. The west Sweden site
used the logging system Celsicom and the sensors
THS501A. The sensors were new and were calibrated at
delivery. They were not calibrated at the end of the
measurement period.

Evaluation of air (relative humidity and temperature)
were done using mould risk simulations based on the
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mould resistance design (MRD) model [49] with a
critical dose on 17 days for planed spruce in accordance
with the model.

The analyses showed no risk of mould growth at all
related to either the outdoor air or indoor air. On the
other hand, precipitation data [48] has been analysed, see
for example Figure 7, and compared with the assembly
periods, see for example Table 1, and this has shown that
most floor structures were exposed to precipitation
during construction before floor structure above or
protective roofing was installed.

Table 1. Approximate times when respective floor was
installed, roofs became dense and the temporary heat supply
started, at several floors in the buildings in central Sweden.

Phases Building 2 Building 3 Building 1
Floor 2 2018-12-03 2019-01-14 2019-03-04
Floor 3 2018-12-10 2019-01-21 2019-03-11
Floor 4 2018-12-17 2019-02-04 2019-03-18
Floor 5 2019-01-07 2019-02-11 2019-04-01
Floor 6 2019-01-14 2019-02-18 2019-04-08
Floor 7 2019-01-28 2019-02-25 2019-04-15

Roof 2019-03-04 2019-03-18 2019-05-21
Theml:eat 2019-02-18 2019-03-25 | 2019-05-13

4.5. Field measurements during frame

construction

4.5.1 Measurement procedure

Instantaneous moisture content measurements have been
conducted and have occurred with intervals usually from
three weeks to a month during construction of CLT
structures. Measurement points were placed on
horizontal surfaces, next to horizontal surfaces or on
vertical surfaces (both interior walls and externally on
external walls) also exposed to splashing water from
horizontal surfaces, primarily on surfaces where water
can pool or where drying opportunities are limited.
These measurement points were selected to be well
spread out on each floor, see Figure 9, to represent large
parts of the buildings, based on indications or
assumptions that they have also been exposed to
precipitation or simply as random samples. Reference
points for measurements have also been select at points

not exposed to precipitation or having possible exposure
to insignificant moisture amounts.

Moisture measurements were conducted using
resistance measurements, Protimeter Timbermaster,
together with hammer electrodes with insulated
electrodes/steel pins at depths of 0, 10, 20, 30, 40, 60
mm from the top of the floor structure, in timber, in
between timber in connections gap and in CLT panel
joints, and near edges and end grains. This project has
shown that measurements in connection gaps are
equivalent to something between measuring surface
moisture content [3] and moisture content in timber [50],
depending on the width of the connection gap between
timber. These measurements have used the indicated
methods with certain deviations. In part, reported
measurement values are based on single measurements
instead of the average value of three measurements.

The instrument was adjusted appropriately for spruce
wood.  Temperature = compensation did  occur.
Measurement uncertainty is estimated at £1.5% within
the range 8-25% moisture content. Values below 8%
moisture content were reported as 8% and values above
25% were reported as 25% moisture content.

Material was sampled using either hammer and
chisel, see Figure 8, or a core drill to reach deeper into
connection gaps, see Figure 9, or panel joints.
Measurements of the top sides of floor structures under
the sound and vibration pads were done diagonally
downward with long insulated steel pins. Since the
outer-most layer of the walls had a thickness of 20 mm,
both layers were often measured. The samples were
taken in the field and were examined in the laboratory
under stereo-microscope at 10 to 40 times magnification.
To quantify growth, a preparation from the material
surface is made, which is studied at magnification of up
to 400 times. The preparation is made by scraping part of
the surface with a sharp preparation nail or by taking a
tape impression of the surface. These are then placed in a
drop of lactic acid with cotton blue or alternatively a
drop of potassium hydroxide solution on a microscope
slide and then covered with a cover glass. The
microbiological analyses are based on a defined method
[51] and the analysis results are provided in a four-point
scale: no growth, limited growth, moderate growth or
extensive growth.

Fig. 8. Sample taken from the top side of the floor structure
(CLT) under the sound and vibration pads and inner walls
(CLT). The surfaces have been stained primarily by
discoloured water.
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Fig. 9. Sample taken with a core drill in the connection gap
between two timbers from the top of the floor structure (CLT).

4.5.2 Results

The moisture content measurements for all case studies
showed that of 300 surface measurement points at 0 mm
measurement depth, about one quarter had a moisture
content of 19% or more. One of the locations with the
largest percentage of elevated or high moisture content
was in the bottom of the connection gap between timber
in the top layer where about half of the measurement
points had a 19% moisture content or higher.

The case study in west Sweden had 51 of 66 samples
with microbial growth, the equivalent of 77 percent of
measurement points. There was moderate to extensive
growth at 58 percent of measurement points. At the case
study in central Sweden, a third of 135 sample points
had microbial growth. A fifth had moderate to extensive
growth. The highest percentage with growth came from
the top of the floor structure under the sound and
vibration pads with 63 percent and half had moderate to
extensive growth. In the connection gaps between timber
in the floor structure in the upper most CLT layer, about
half of the samples showed growth with 16 percent
having moderate to extensive growth. At moisture
content measurements in the middle of timber or in the
second layer, relatively few had elevated moisture
content. It seems that water does not easily absorb into
the perpendicular fibres or through glued layers. Growth
was found at several locations, see for example Figure
10, on most of the floor structures, which indicates that it
is significant.

In locations with mould growth, the moisture content
varied from low to high moisture content depending on
whether there was ongoing wetting, if it was still moist
or if the moisture had dried, at the time of sampling.
There were also measurement points with ongoing
wetting which had not yet received mould growth. No
growth was detected at locations not exposed to water.
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Fig. 10. Measurement point number and locations for one of
the floor structures and building in central Sweden and the
results. Green indicates had no growth, orange had limited
growth and red had moderate or extensive growth.

5 Conclusions

Of a total of 200 analysed measurement points, half had
some growth and about a third had moderate or
extensive growth. Based on this study’s results, it seems
difficult or impossible to avoid the emergence of
microbial growth during construction with CLT without
weather protection. As such, the building regulations [1]
and [2], could not be met. Thereafter, significant
remediation work was to have been performed at all four
case studies, but the results of this remediation do fall
with this study’s focus.

The mould growth is caused by exposure of the CLT
to precipitation in the form of free water. No growth was
detected at locations not exposed to water. This is as was
expected since the mould risk simulations did not show
any risk for growth when no water exposure occurred.

Mould growth is often invisible and cannot be
detected with the naked eye. Detection requires
microbiological analysis. There seems to be a general
ignorance both nationally and internationally of how to
detect microbial growth on CLT since it is rarely
included in practical studies.

There appear to be no moisture safety assembly
methods or solutions for CLT construction without
weather protection or declaration of the critical moisture
conditions for CLT products. As a result, it is
recommended that weather protection, preferably
complete weather protection, be used.
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6 Future research needs

More knowledge is needed about critical moisture
conditions for mould growth on CLT and possibilities of
remediation of CLT due to mould infestation.

The support from SBUF (the Swedish construction industry’s
organization for research and development) is gratefully
acknowledged.
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