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A B S T R A C T

Adhesives and metal fasteners are important components in engineered wood products (EWPs),
but the petroleum-based nature of adhesives raises environmental concerns and metal fasteners
lead to challenges with end-of-life disposal and reusability. However, there is a promising solu-
tion in the form of ‘mass timber elements assembled through the dovetail technique (MTADT)’,
also called ‘dovetailed massive wood board elements’, which is entirely composed of wood and
devoid of adhesive or metal connections. However, existing literature on MTADT has focused on
insufficient structural analysis and model testing of connection details rather than assessing the
performance of a structural component. In this study, air permeance measurement in MTADT was
conducted in accordance with the Finnish building code as part of the DoMWoB project (Dove-
tailed Massive Wood Board Elements for Multi-Story Buildings). The research aimed to explore
the impact of storage conditions and moisture content on the air permeance values of three mas-
sive wood elements with varying dimensions. The smallest element had dimensions of
1160 mm × 1160 mm x 200 mm, while the other two were approximately
1300 mm × 1300 mm x 200 mm in size. The results from the air permeance tests indicated sig-
nificant variability among the three test pieces, with q50 values of 1.4 m³/(m2h) for sample O,
2.9 m³/(m2h) for sample K, and 9.9 m³/(m2h) for sample Y. This data suggested that test piece Y
demonstrates substantially higher air permeability compared to the other samples because it was
the driest of these test elements.

1. Introduction

Presently, engineered wood products (EWPs) are increasingly prevalent in the construction industry, particularly for challenging
applications [1–3]. Among the various EWPs, cross-laminated timber (CLT) stands out as a favored product. CLT is a prefabricated
multi-layer engineered wood material composed of at least three layers of boards bonded together with adhesive under pressure [4].
The assembly of CLT structures, both prefabricated and on-site, significantly reduces construction timelines, gaining popularity
among architects and structural engineers [5]. Notably, CLT is widely employed in tall timber building constructions [6], as exempli-
fied by structures like the 84 m and 24-story HoHo in Vienna (2020) (Fig. 1) and the 48 m and 14-story Lighthouse Joensuu in Joen-
suu (2019) (Fig. 2).

Airtightness is a critical aspect in the commercial application of building components [7]. Among the notable research works,
Kukk et al. [8] investigated the airtightness of CLT building envelopes, considering factors such as indoor humidity, orientation, and
assembly. Their findings indicated that (i) high initial moisture content in CLT panels adversely affects envelope airtightness, (ii) wa-
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Fig. 1. HoHo (Photo courtesy of DERFRITZ).

Fig. 2. Lighthouse Joensuu.

ter exposure during construction poses a significant risk of moisture damage, (iii) variations in indoor RH have limited impact on CLT
envelope air permeability properties, and (iv) a 5-layer CLT panel can function as an effective airtight layer in building envelopes,
provided that the initial low moisture content (13 %) is maintained during both construction and the building's lifespan. Herms [9]
proposed enclosing the entire building, covering ceiling elements with tarpaulins, and insulating ceiling elements with self-adhesive
membranes to ensure airtightness and weather protection in CLT buildings. In another study, Martin et al. [10] used modeling to ex-
amine the effect of air leakage on energy efficiency and durability in a CLT building envelope. They concluded that infiltration signifi-
cantly increased local external wall thermal permeability and that leakage could lead to mold growth on CLT panel surfaces when the
RH exceeds 40 % in the long run. Kuk et al. [11] focused on the impact of indoor RH reduction [from 75 % to 30 %, equilibrium mois-
ture content (EMC) from 15 % to 6 %] on the air permeability properties of CLT panels with different production technologies. The
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results revealed that larger air leaks occur in 3-layer CLT panels compared to mostly negligible air leaks in 5-layer panels. Skogstad et
al. [12] examined the air permeability properties of CLT panels and their connections, finding that the moisture content decreased
from 0.14 to 0.1 kg/kg, and air leakage in the CLT connections could increase up to 10 times. The study emphasized the importance of
designing CLT structures with sealed joints to maintain airtightness. Additionally, Kalamees and Kurnitski [13] studied moisture
transport within the outer wall and wood frame, revealing the joint's susceptibility to local infiltration, with moisture convection
leading to moisture accumulation on the inner surface of the outer casing and promoting mold growth. Besides these works, various
field measurements of CLT buildings have been conducted [e.g., [14–16]].

Moreover, it would be useful to give the data in the study of Kukk et al. [8] regarding the air permeance values of CLT elements. In
their studies, CLT panels containing higher initial moisture content (approximately 25 %) exhibited the highest air leakage rates
among the tested walls. At pressure differences of 25 and 50 Pa, the measured air leakages in these walls surpassed the specified
threshold of 0.9 m3/(m2h). In contrast, walls with lower initial moisture content (around 13 %) demonstrated notably lower air leak-
age levels. The test walls characterized by a reduced initial moisture content demonstrated air leakages below the prescribed thresh-
old at a pressure difference of 50 Pa, ranging from 0.1 to 0.57 m3/(m2h).

In the construction industry, the adoption of standardized practices has led to the prevalent use of adhesives and metal fasteners as
connections in contemporary timber buildings, replacing traditional wood-to-wood assemblies in EWPs like CLT. Adhesive bonding
plays a significant role in EWP by contributing to wood protection, structural strength, lightweight design, and mitigation of natural
humidity-induced shrinkage and swelling. However, the sustainability and environmental impact of adhesives have raised concerns,
primarily regarding their potential to emit toxic gases (e.g., VOC emissions and formaldehyde) during their lifespan [17]. Despite on-
going research efforts, there are still critical inquiries regarding the development of environmentally friendly bio-based adhesives.
Similarly, metal fasteners, while essential in EWPs, present challenges concerning end-of-life disposal, reusability, and recyclability,
further necessitating the exploration of alternative solutions [18].

However, ample opportunities exist for exploring a viable approach utilizing pure and solid wood, employing one of the oldest tra-
ditional joining methods, the adhesive- and metal-connectors-free MTADT. The existing body of literature predominantly focuses on
technological aspects of EWPs with various construction solutions, while the available literature concerning MTADT primarily con-
sists of structural analyses and model testing of jointing details, rather than comprehensive assessments of the performance of integral
components like floor slabs (e.g., Refs. [19,20]). This limitation hinders a thorough understanding of the potential of MTADT in the
construction of multi-story buildings, especially concerning its environmental impact and recyclability [21,22].

This research primarily centers on dovetail massive wood board elements (Fig. 3), composed of wooden lamellae interconnected
using one of the most ancient joining methods (Fig. 4). This manufacturing technique provides an adhesive- and met-al-fastener-free
solution that ensures the absence of harmful chemical emissions [23,24]. As it represents a novel approach, there is limited informa-
tion available concerning technical and structural performance, necessitating further research in specific aspects, such as dimensional
stability [25,26]. As part of the DoMWoB project (Dovetailed Massive Wood Board Elements for Multi-Story Buildings) (see Acknowl-
edgment), airtightness tests were conducted to develop MTADT for multi-story buildings, aiming to replace conventional EWPs in the
global market.

The study aimed to assess the air permeance of MTADT. For this purpose, experimental elements were carefully preserved under
distinct relative humidities, resulting in varying moisture contents. The research focused on investigating how the storage conditions
and moisture content of these test elements influenced the air permeance values. By conducting these measurements, the study sought
to gain insights into the potential implications of moisture levels on the overall air permeance performance of MTADT.

2. Air permeance test

This section presents the air permeance analysis carried out on MTADT at Tampere University's Building Physics Laboratory, with
an emphasis on assessing different moisture contents.

2.1. Test specimens

This study involved the investigation of three massive wood elements, each with distinct dimensions. The smallest element mea-
sured 1160 mm × 1160 mm x 200 mm, while the other two were approximately 1300 mm × 1300 mm x 200 mm in size. All test el-

Fig. 3. Mtadt.
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Fig. 4. Dovetail wall connection.

ements were crafted from pine wood (Pinus sylvestris, 500 kg/m3 density, 6 % moisture content) and assembled using dovetail joints
without the use of adhesive. For a closer examination, Fig. 5 provides a detailed view of the side edge of the test elements, illustrating
the precise method of joining the wooden parts through the dovetail technique. The utilization of this technique ensured a sturdy and
reliable connection between the wooden components without the need for additional adhesives. In addition, depending on RH, the
swelling in the thickness of the test samples was around 1–2 mm, which was negligible. The moisture content of wood during process-
ing was about 13 %. The dovetail panels were manufactured identically and were therefore randomly placed in different indoor con-
ditions to measure the difference in their performance when simulating "winter" and "summer" time conditions.

2.2. Description of the test method

The test method employed in this study follows the guidelines outlined in standard SFS-EN 12114 /1/[27]. The pressure differ-
ences applied to the object during testing range from 5 Pa to 50 Pa. The air permeance (Ka) of the structure is expressed in the unit

Fig. 5. Close-up of the side edge of the pine wood test element assembled with the dovetail technique.
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[m3/(m2 s Pa)]. During the measurement process, the test piece is subjected to three pressure difference spikes ranging from 55 to
57 Pa. In between these spikes, the pressure difference is reduced to zero. Following this, pressure differences of 5 Pa, 7 Pa, 11 Pa,
16 Pa, 23 Pa, 34 Pa, and 50 Pa are sequentially applied. At each pressure level, the pressure difference and airflow reach equilibrium,
allowing the collection of data for averaging. Based on the measurement data, a graph is constructed, depicting the air flow rate as a
function of the pressure difference. The slope of this graph represents the air permeance (Ka) of the test piece when the surface area is
1 m2. Notably, the measurement does not account for the influence of air pressure, temperature, and RH, as their cumulative impact
on the results is approximately 1 % under laboratory measurement conditions.

2.3. Main components of the research equipment

The air permeance equipment employed by the building physics research group was finalized in the year 2022 (Fig. 6). This equip-
ment features square-shaped research opening with side dimensions measuring 1200 mm.

Fig. 6 displays the air permeance equipment being subjected to testing. During the procedure, the test piece is affixed to the
frame, and the frame is inserted into the designated test opening. The middle image illustrates a chamber where the quantity of air
blown is measured using laminar elements positioned below. Inside the chamber, a black filter is seen, which is positioned within a
steel mesh to ensure a uniform distribution of pressure within the chamber. The pressure difference acting over the test piece is
gauged via a hose situated above this filter. In the background of the image, another test piece can be observed, with its edges yet
to be sealed.

The test pieces are securely fastened to a metal frame, forming a hermetic seal with the corresponding metal portion of the equip-
ment. The pressure difference is generated by a voltage-controlled duct fan that incorporates a carbon brushless motor. Air is intro-
duced into the equipment chamber through 1–3 Furness Controls brand laminar elements. Within the laminar element, the pressure
difference linearly corresponds to the quantity of air passing through, which is accurately measured using PSIDAC Flow Guard 6820
pressure difference transmitters. These transmitters also gauge the pressure difference exerted on the test piece.

The measurement point for the pressure difference experienced by the test piece is positioned between the filter, which guarantees
laminar flow, and the lower surface of the test piece. The opposing end of this measurement is linked to the external air surrounding
the test piece.

The measurement process is under the control of a computer equipped with the LabVIEW program and the National Instruments
USB-6001-I/O card. The voltage output from the pressure difference transmitters corresponds directly to the pressure difference, and
this voltage is measured using the mentioned I/O card. Within the LabVIEW software, the voltage is converted into both the pressure
difference and the air flow rate (expressed in dm³ per minute). The collected measurement data is continually recorded and subse-
quently processed using spreadsheet software for further analysis.

In Fig. 7, a schematic diagram illustrates the various components of the device. The abbreviation "dP" refers to the pressure differ-
ence transmitter, while "PC" indicates the computer responsible for controlling the measurement process and storing the obtained
data.

Table 1 presents the calibration times for the primary components of the measuring equipment.

2.4. Test preparations

The test pieces, labeled K, Y, and O, were utilized in the study. The sizes of the test pieces varied, and to fit the maximum dimen-
sions of the research opening, the two larger test pieces (K and O) had to be sawn from their edges. Test piece K was carefully cut to
ensure a symmetrical distribution of dovetail joints in the area to be measured, while test pieces Y and O were cut from two sides per-
pendicular to each other. Assembling the test pieces without glue posed handling challenges, as their wooden parts moved relative to
each other. Moreover, the thickness of the test pieces presented difficulties, as they could not be completely sawn through from one
side, requiring occasional turning of the test pieces during the process. Consequently, only the first test piece was sawn on all four
sides.

Fig. 6. Air permeance equipment.



H.E. Ilgın et al.

Fig. 7. The main components of the measuring equipment.

Table 1
Hardware calibration data.

Measuring device Calibration date Measurement quantity

National Instruments NI USB-6001 – voltage [V]
PSIDAC FlowGuard 6820 new, acquired 2022 pressure difference [Pa]
Furness Controls FCO96G-200L February 9, 2018 air flow rate [l/min]

Two of the three test samples had to be cut to fit the testing equipment. The first sample was cut as symmetrically as possible, but
this required eight separate cuts, and the loose structure made it challenging to flip the sample upside down several times to align
with the saw guides. To make the process smoother, the second sample was cut on just two adjacent sides. While this difference in cut-
ting approaches could introduce a source of error, the number of gaps in both samples was nearly the same. The symmetric cutting
method resulted in eight gaps between the planks, while the other method eliminated one. This discrepancy is not significant enough
to explain any variations in test results. Additionally, images of the samples at the time of manufacturing show no apparent gaps, and
the pieces do not easily shift against each other. However, the Y sample, which is the driest, exhibits a few millimeters of gaps on the
outer layers, and its pieces slide with little resistance. The tests were conducted in varying moisture conditions because, in Finland's
indoor climate, wood dimensions change with the annual weather cycle. The aim of the tests is to determine whether the structure it-
self can meet building code requirements.

Before conducting the tests, the test pieces were stored in different rooms with varying RH levels. Consequently, the moisture con-
tent of the test pieces varied according to the respective RH conditions. The intention behind employing different storage conditions
was to observe the impact of changing moisture content on the air permeance, considering the seasonal variations in Finland. Table 2
provides a detailed presentation of the storage conditions for the test pieces. For test pieces Y and O, the values in Table 2 were calcu-
lated for the period between 1 November 2022 and March 1, 2023, while for test piece K, the calculation was done for the period be-
tween 4 October and December 19, 2022. The actual measurements for test piece K were taken in December 2022, and for test pieces
Y and O, the measurements were conducted in March 2023.

The moisture content of the test pieces was too low to be accurately measured using a spike moisture meter, as reliable results
could not be obtained with this method. However, for test pieces K and O, the moisture content was determined by oven drying, re-
sulting in values of 10.9 % and 11.1 % by weight, respectively. These values represented average moisture contents across the entire
thickness of the respective test elements. Test piece Y had been prepreserved in even drier conditions, and noticeable gaps between

Table 2
Storage conditions of test pieces before air permeance tests.

Prototype Relative humidity [% RH] average standard deviation Temperature [°C] average standard deviation EMC

K 34,99
7,05

19,06 0,76 7 %

Y 24,74
4,98

21,35 0,92 5,5 %

O 50,32
0,70

21,36 0,06 9,2 %
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the wooden parts were observed due to the drying shrinkage of the wood. Unfortunately, it was not possible to take pieces from test
piece Y for oven drying, as the entire test piece needed to remain intact for the air permeance measurement.

When considering the moisture content values, it is important to acknowledge that, the test elements did not achieve complete
moisture content equalization. This was primarily due to their thickness, which resulted in a slow transfer of moisture within the
wood. The test specimens have not had time to equalize to the RH according to the storage conditions throughout their thickness, be-
cause this would have taken a huge amount of time. On the other hand, this is not the case in real structures either. However, the test
results show that even a decrease in the moisture content in the surface layers of the test specimens cause an increase in air perme-
ance.

To ensure accurate measurement of the airflow through the test pieces, it was necessary to carefully seal the edges of the test ele-
ments. For this purpose, Weber waterproofing products (Weber WP and Weber MD 16) were applied to the vertical edges following
the manufacturer's instructions to prevent any air leaks. Based on our observations, applying two treatments of Weber MD 16 fol-
lowed by three meticulous applications of Weber WP proved effective in preventing edge leaks. Once the sealing compounds had
dried, it was essential to securely fasten the test pieces to the measuring frames in a manner that is both safe for lifting and airtight.
While the first test piece (K) could be successfully connected using the sealing compound alone, the other two test pieces required the
use of sheet metal plates in addition to the sealing methods described above. This additional step was necessary to achieve a complete
and reliable seal for the subsequent measurements.

2.5. Flow of measurement

To prepare the measuring chamber for testing, the sealing surface was thoroughly cleaned, and an appropriate sealant was applied
between the clean metal surfaces. The test element, enclosed within the metal frame, was firmly secured to the measurement chamber
using clamps to ensure complete air tightness, as depicted in Fig. 5. Next, the fan was activated, and a preliminary check for potential
leaks was conducted by subjecting the system to a relatively high-pressure difference ranging from 50 to 200 Pa. Any noticeable leaks
were promptly addressed by applying suitable measures. In previous experiments, we utilized glue and sealing compound for patch-
ing leaks, but in the most recent trial, a combination of melted stearin and paraffin was employed due to its quicker drying time and
easier handling. Both methods proved effective in sealing all detectable leakage points. As shown in Fig. 8, test piece Y was success-
fully sealed within the measuring chamber using a combination of sheet metal, adhesive mass, and finally, a mixture of stearin and
paraffin. This comprehensive approach ensured a reliable and airtight seal for the testing of this test piece.

3. Test results

The findings derived from the air permeance measurements are outlined comprehensively in Table 3. The surface areas of the re-
spective test pieces during the measurement were as follows: Test piece K had a surface area of 1.4884 m2, Test piece Y had a surface
area of 1.3456 m2, and Test piece O had a surface area of 1.4280 m2.

During the air permeance measurement of test piece Y, the air flow rate surpassed the measuring capacity of the equipment of
200 dm³ per minute, and this occurred at a pressure difference of 44 Pa. In Fig. 9, the measurement results from Table 3 are visually
depicted in a graphical representation.

By performing calculations that consider the dimensions of the test pieces and converting the units accordingly, the air permeance
Ka for each test piece can be determined and is presented in Table 4.

In Fig. 10, the air permeance Ka of the test pieces is graphed against the RH of the storage conditions. The graph demonstrates a
noticeable trend: as the RH rises, the air permeance Ka shows a decreasing pattern.

4. Discussion

According to the Finnish guidelines for buildings' water and damp proofing (RIL 107–2022 /2/) [28], it is specified that the air
permeance of the air barrier should not surpass 1.0 × 10−6 m3/(m2 s Pa). Analyzing the test results, it becomes evident that the air
permeance of all measured solid wood elements exceeded this prescribed threshold.

Fig. 8. Sealing the test piece Y to the frame and measurement chamber.
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Table 3
Results of air permeance measurement.

Pressure difference [Pa] Air flow rate through the test piece [dm³/min]

Test piece K
4,9 8,7
7,4 12,5
10,6 16,2
16,1 24,3
22,6 34,6
34,1 51,3
50,1 73,8
Test piece Y
5,1 27,4
7,4 38,9
10,8 55,4
15,6 78,1
23,0 111,5
33,8 157,2
44,0 201,9
Test piece O
5,2 3,4
7,6 5,1
10,9 7,5
16,2 11,3
23,6 15,9
36,0 23,7
50,8 32,8

Fig. 9. Air flow rate that flowed through the test pieces as a function of the pressure difference.

Table 4
Air permeance of test pieces.

Prototype Air permeance Ka [10−6 m3/(m2 s Pa)]

K 16,2
Y 55,3
O 7,5

The obtained air permeance values can be subjected to comparison with the Finnish Ministry of the Environment's regulation on
the energy efficiency of new buildings 1010/2017/3/and the maximum permissible air leakage number of the building envelope q50
[m3/(m2h)] specified therein [29]. The q50 number represents the quantity of air that leaks through the building envelope in cubic
meters per hour from an area of one square meter when subjected to a pressure difference of 50 Pa. As per the regulation, the build-
ing's air leakage number q50 should not exceed 4.0 m3/(m2h). To calculate the q50 numbers of the test pieces, the formula
q50 = Ka × Δp × 3600 s/h is employed, where Ka is the air permeance coefficient, Δp represents the pressure difference (50 Pa),
and the coefficient 3600 s/h converts seconds to hours. The calculated q50 numbers for the test pieces are as follows: K: 2.9 m3/(m2h),
Y: 9.9 m3/(m2h), and O: 1.4 m3/(m2h). From the results, it is evident that test piece Y, which exhibited the highest air permeance,
does not meet the prescribed condition for the outer envelope of the building as set in the regulation.
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Fig. 10. Air permeance as a function of the RH of the storage conditions.

Upon analyzing the results, it is crucial to consider that in actual structures, alterations in the RH of indoor air lead to changes in
the moisture content of the solid wood element, but these changes primarily occur on the inner surface. Throughout different seasons,
these moisture content variations do not extend through the entire element to the outer surface. The most substantial moisture con-
tent changes occur within the approximately 50 mm thick layer on the inner surface of the element, influenced by seasonal fluctua-
tions. Consequently, the impact of indoor air RH on the air permeance value of the solid wood element is relatively smaller than the
outcomes observed in these specific experiments.

Nonetheless, considering the comparative investigations, it can be inferred that a solid wood element constructed with dovetail
joints necessitates the incorporation of an independent air barrier membrane positioned outside the element, situated between the
thermal insulation and the wood element. This additional air barrier is essential for effectively guaranteeing the required airtightness
of the structure. The selected air barrier membrane should exhibit high permeance to water vapor, making a paper membrane a suit-
able choice for fulfilling this purpose.

5. Conclusion

In this study, air permeance of mass timber elements assembled through the dovetail technique was investigated by assessing the
impact of storage conditions and moisture content on the air permeance values of three massive wood elements with varying dimen-
sions. The results from the air permeance tests indicated significant variability among the three test pieces, with q50 values of
1.4 m³/(m2h) for sample O, 2.9 m³/(m2h) for sample K, and 9.9 m³/(m2h) for sample Y. This data suggested that test piece Y demon-
strates substantially higher air permeability compared to the other samples because it was the driest of these test elements.

The results highlighted that the RH of the ambient air significantly affects the air permeance of the solid wood element assembled
using dovetail joints. Specifically, in dry conditions, the wood experienced shrinkage, causing the dovetail gaps to widen and result-
ing in higher air permeance. This phenomenon was notably pronounced during winter months when indoor air RH in buildings tends
to be low. The findings underscore the importance of considering environmental conditions and moisture levels in the design and im-
plementation of MTADT-based structural components, emphasizing the need for further research to optimize performance and en-
hance sustainability in the construction industry.
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