


TALLINN UNIVERSITY OF TECHNOLOGY 
DOCTORAL THESIS 

44/2025 

Moisture Safety of Cross-Laminated 
Timber Construction 

KRISTO KALBE 

 

 



TALLINN UNIVERSITY OF TECHNOLOGY 
School of Engineering 
Department of Civil Engineering and Architecture 
This dissertation was accepted for the defence of the degree 26/05/2025  

Supervisor: Prof. Targo Kalamees 
School of Engineering 
Tallinn University of Technology 
Tallinn, Estonia 
 

Opponents: Prof. Magda Posani 
School of Engineering 
Department of Civil Engineering 
Aalto University 
Helsinki, Finland 
 
Prof. Russell Richman 
Faculty of Engineering and Architectural Science 
Department of Architectural Science 
Toronto Metropolitan University 
Toronto, Canada 

 

Defence of the thesis: 26/06/2025, Tallinn

Declaration:
Hereby I declare that this doctoral thesis, my original investigation and achievement, 
submitted for the doctoral degree at Tallinn University of Technology has not been submitted 
for doctoral or equivalent academic degree.

Kristo Kalbe

 
 
Copyright: Kristo Kalbe, 2025 
ISSN 2585-6898 (publication) 
ISBN 978-9916-80-315-8 (publication) 
ISSN 2585-6901 (PDF) 
ISBN 978-9916-80-316-5 (PDF) 
DOI  https://doi.org/10.23658/taltech.44/2025  
 
 
 
Kalbe, K. (2025). Moisture Safety of Cross-Laminated Timber Construction [TalTech Press]. 
https://doi.org/10.23658/taltech.44/2025 

signature



TALLINNA TEHNIKAÜLIKOOL 
DOKTORITÖÖ 

44/2025 

Ristkihtliimpuit ehituse niiskusturvalisus 

KRISTO KALBE 

 

 



 









8 

4.4.2 Isotropic vs anisotropic material transport model ........................................ 65 
4.4.3 Validation of the anisotropic simulation model and material files ............... 66 

4.5 Development of the MC-based two-step performance criterion........................ 71 
4.6 Analysis of moisture safety strategies considering end-grain wetting ................ 74 
4.7 Anticipated moisture dry-out times for the analysed scenarios considering 

different MC targets ............................................................................................ 80 
4.8 Interannual variability and correlation with climatic factors .............................. 83 
4.9 Efficacy of the optimised moisture safety strategies in practice ......................... 84 

4.9.1 Analysis of customer specifications and requirements ................................. 84 
4.9.2 Analysis of the design documentation .......................................................... 85 
4.9.3 Realisation of the predicted outcomes of moisture safety strategies ........... 86 
4.9.4 Effectiveness of moisture safety measures ................................................... 91 
4.9.5 Prediction of the moisture safety outcomes & the procurement process .... 92 

4.10 Limitations and future research ........................................................................ 93 
5 Conclusions ............................................................................................................. 96 

5.1 Key findings from field observations and laboratory tests .................................. 96 
5.2 The two-step MC-based performance criterion .................................................. 97 
5.3 Moisture safety strategies for CLT construction ................................................. 98 
5.4 Insights from 2D anisotropic model validation ................................................... 99 
5.5 Recommendations for practice ........................................................................... 99 

References ............................................................................................................... 101 
Acknowledgements .................................................................................................. 106 
Financial support ...................................................................................................... 107 
Publications ............................................................................................................. 109 

PUBLICATION I ......................................................................................................... 109 
PUBLICATION II ........................................................................................................ 119 
PUBLICATION III ....................................................................................................... 137 
PUBLICATION IV ....................................................................................................... 169 
PUBLICATION V ........................................................................................................ 199 

Curriculum vitae ....................................................................................................... 209 
Elulookirjeldus ......................................................................................................... 212 
 
 



https://doi.org/10.1051/e3sconf/202017210002
https://doi.org/10.1016/J.BUILDENV.2022.109245
https://doi.org/10.1016/j.jobe.2024.111411
https://doi.org/10.2139/ssrn.5073613
https://doi.org/10.1088/1742-6596/2069/1/012050
https://doi.org/10.1088/1742-6596/2069/1/012050


























22 

The sensors were placed on various locations to monitor specifically exposed areas,  
but it was unclear how close the sensors were to the end-grain surfaces of CLT panels. 
Nevertheless, several increases in MC were detected, which could have developed into 
more extensive moisture damage and were thus avoided, showing the usefulness  
of the selected strategy. A moisture measurement-based moisture safety strategy can 
also benefit from a more precise MC criterion, as discussed earlier.  

A key component in determining moisture safety of CLT is also the season when  
the installation of CLT panels takes place or the construction of the CLT panels proceeds. 
The impact of seasonal variation on the moisture safety of timber structures has also 
been discussed by Pihelo & Kalamees (2020). The worthwhile question is whether 
seasonality has an effect in CLT construction. If there is an effect, then can the start of 
CLT installation during a favourable season be considered as an adequate moisture 
management method?  

A common conjecture is that a short construction period could be a valid moisture 
safety strategy to avoid problems with excessive MC in CLT. However, this might not be 
the case considering end-grain surfaces. Öberg & Wiege (2018) analysed moisture 
influence on CLT building and concluded that short building time is essential, early 
planning to minimise building time is necessary, and some form of weather protection is 
required year-round. Furthermore, they noted that if expected rainfall exceeds 40 mm 
or construction lasts longer than a few weeks, a roof cover becomes essential. 

E. Schmidt & Riggio (2019) documented the results of CLT moisture monitoring during 
construction and concluded that achieving a moisture-safe outcome requires preventive 
actions. These include design adjustments (e.g., avoiding details that trap moisture), 
fabrication enhancement (e.g., using localised coatings), and construction sequencing 
(e.g., limiting exposure and ensuring drying). These studies reinforce the critical need for 
a moisture safety strategy for each CLT building, whether it involves FWP, localised 
protection, or careful scheduling of installations. 

Kodi et al. (2024) reported on moisture damage, specifically mould growth, resulting 
from inadequate moisture management during a renovation project in Estonia involving 
prefabricated timber panels. Alongside documenting the damages, the authors 
examined various moisture safety strategies that could have been implemented. They 
concluded that employing specific measures, such as maintaining a designated 
ventilation air change rate in the attic (where significant moisture ingress occurred 
during construction), could have prevented or mitigated the effects of the moisture 
ingress. This aligns with the broader consensus in the literature that emphasises  
the importance of moisture control throughout the building process, as highlighted by 
Mjörnell et al. (2011), who developed a method for including moisture safety in  
the building process. The method has different stages in the building process: planning, 
design, construction, and operation. Although the method contains several routines, 
templates and checklists for clients to formulate moisture safety requirements and to 
monitor and document the measures implemented by various actors, 10 years after  
the development of the moisture safety method, the results of the CIB W040 study 
(Morishita-Steffen et al., 2021) show that one-third of construction projects were 
affected by moisture problems, even though practitioners implemented several 
preventive measures at least some of the time. Wang (2020) has developed a guide for 
managing construction specifically in CLT buildings, taking a step further from the general 
guidelines of Mjörnell et al. (2011). The guide by Wang (2020) covers the basics of wood 
and moisture, detailing a range of moisture safety measures from simple to advanced 
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and spanning local detailing to whole-building protection strategies. Additionally, it 
offers recommendations for moisture drying and remediation. Alsmarker (2022) also 
developed a guide for moisture-proofing CLT construction without the use of a full 
temporary shelter, providing practical solutions and general recommendations for 
managing moisture in such projects. 

Nevertheless, an important question persists: although FWP ensures a high degree of 
moisture safety, what other strategies can deliver comparable results, considering 
variables such as a building size and type, construction season, and local protective 
measures? Additionally, how do these strategies perform under real-world conditions, 
and can their outcomes be predicted to support knowledge-based decisions for choosing 
a moisture safety strategy for CLT construction? 
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The combination setup for the hygrothermal modelling began by setting 
the simulation time periods, defined as the sum of the installation duration and the post-
installation period. The simulation was scheduled to end at the moment when the CLT 
panels would begin to be covered with additional layers.

If no localised moisture protection methods or FWP were used, the CLT structure in 
the model (as described in Section 3.4 and illustrated in the leftmost diagram of Figure 8 
in the same section) was left exposed to wind-driven rain on the side faces and water 
contact on the bottom end-grain surface throughout the entire simulation period.

If CLT side face protection was applied, the wind-driven rain was excluded from 
the model. This meant that the side face protection was simulated as being ideal without 
any water leaks. Any additional vapour resistance was neglected. The observations 
of the field study (Section 4.1.2) indicated that typically the protection foil was cut open 
from the bottom of CLT panels at the time of installation and the space between the foil 
and the CLT panel became ventilated. Moreover, if the protection foil was considered as 
ideal and no ventilation was assumed, the additional vapour resistance would hinder 
the influence of outside air which would skew the result towards drier conditions due to 
the low initial MC of the CLT. Furthermore, the application of the protection foil could 
vary, and the foil could have imperfections and damages which produced both water 
leaks and holes for ventilation, as described in the field study (Section 4.1.2). Inclusion of 
these effects would have expanded the number of studied parameters and would have 
made the analysis unnecessarily complicated and more time-consuming. Thus, it was 
decided to exclude the effect of (arbitrary) additional vapour resistance of the protection 
foil and no changes were made to the vapour transfer component on the side faces 
regardless of the presence of the protection foil.

If CLT end-grain protection was applied, water contact via the bottom end-grain 
surface of the CLT wall panel was excluded from the model. This meant that the end-
grain protection was simulated as ideal without any water leaks. Marginal vapour 
transfer was assumed, considering outdoor climate and a vapour resistance value of 
Sd = 125 m for the floor panel, regardless of the presence of CLT end-grain protection.

Both of these local protection methods were assumed to have been employed 
in the CLT factory, i.e., they were implemented in the hygrothermal model from 
the beginning of the simulation. In case of utilising both the side face protection foil and 
end-grain protection, both the wind-driven rain on the side faces and water contact via 
the bottom end-grain surface were excluded. This resulted in a model without liquid 
water ingress into the CLT, leaving only the effect of air humidity. FWP was simulated in 
the same manner as in the case where both local protection methods were employed. 
However, for the case of FWP erected after CLT installation, the wind-driven rain and 
the bottom edge water contact were still included until after the end of the installation 
period.

The implementation of horizontal surface water drainage can be seen as another 
measure that can form a part of methodical moisture safety management 
by the construction site team. This aspect was included in the analysis in order to 
compare it with the impact of the more absolute protection measures described earlier. 
This provided information on whether limiting water contact could be an efficient 
measure in conjunction with a short installation period.

For the case with enhanced rainwater drainage and prevention of puddle formation 
(i.e., active moisture management by horizontal surface drainage), the start of the water 
contact was delayed in the model until the cumulative precipitation reached 2 mm.
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4 Results and discussion

4.1 Wetting circumstances and vulnerable areas

4.1.1 Cumulative precipitation amounts and site environment measurements
The panels for the studied buildings were delivered either in a dry freight trailer, where 
they were mounted vertically on a stand and were entirely protected from the outside 
environment (Figure 12, left), or on a flatbed trailer, where the panels were lying on their 
sides and were protected from the elements only by packaging foil (Figure 12, right). 
In the latter variant, the CLT panels and packaging foils were susceptible to potential 
physical damage during transport. Nevertheless, no excessive MC was reported after 
transport with either option.

Figure 12. CLT panel transport in a dry freight trailer (left) and on a flatbed trailer (right).

If CLT was not delivered just in time and on-site storage was required, the risk of 
wetting arose. Typical packaging did not prevent the wetting of the panels during interim 
storage (Figure 13). Imperfections in the foil allowed water to enter the package where 
it remained unnoticed until specifically inspected (e.g., Figure 13, right). Also, damage 
(e.g., incisions, ripping, tearing) in the packaging foil became entering points for 
precipitation for panels already installed. Site observations indicated that opaque foils 
inhibited the detection of wetting, whereas translucent protection foils facilitated faster 
response to occurred problems.

  

Figure 13. Interim storage of CLT on-site (left) which proved to be inadequate and allowed water to 
enter the package, as shown by water being poured out of the package (right). 





46 

 

 

Figure 14. Precipitation amounts during the construction of the observed buildings.  
A, B, C, G, and H are non-residential buildings and D, E, and F are detached houses.  
The black columns represent hourly precipitation amounts (values shown on the left y-axis), while 
the blue and red lines illustrate the cumulative precipitation throughout the CLT installation process 
and subsequent period when the panels were still exposed to precipitation (values shown on  
the right y-axis). 

��
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Figure 21. CLT intermediate ceiling (floor) connection with a window opening, where frequent 
wetting occurred (P1 = building B, P2 = building F). 

Similarly, to the intermediate ceiling (floor) panel, the side end-grain surfaces of the 
roof panels were exposed to precipitation in several studied buildings and temporary 
protection foils were not sufficient. Rainwater runoff was flowing over the end-grain 
surfaces of the roof panels (Figure 22, P2). In the building A, the roof panels were 
installed at a slope which concentrated water flow to a single side of the building 
increasing the water load at that side, which resulted in a high MC (Figure 23). 
Unfortunately, this was discovered after the parapet wall was built which hindered 
moisture dry-out and MC remained elevated for long enough to facilitate mould growth 
(Pilt, 2020). The parapet was disassembled, and local electrical heaters were used under 
a temporary cover to improve moisture dry-out. After this, the edges of the CLT roof 
panel formed cracks and delamination occurred (Figure 22, P1). Additional screws were 
installed to preserve the structural integrity of the wall to roof connection. 

 

Figure 22. CLT roof panel connection, where large cracks (P1), delamination, and mould growth 
occurred after frequent wetting (P2) and moisture dry-out. Photos of the building A 

 

Figure 23. Measured MC in the CLT roof panel ends in the building A. 






































































































































































































































































































































