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Abstract: The overall objective of the study is to determine the influence of various factors on the
tightness of frame-based buildings. The study presents airtightness tests—Blow Doors Tests of
single-family residential buildings made in the prefabricated wood frame technology. Primarily,
the impact of selected quantitative and qualitative parameters on the determined quantity nsy was
defined. For that purpose, correlation analyses were performed and the statistical hypothesis stating
that there is no statistically significant linear relationship between nsy (a multiplication factor of
air exchange in the building effected by pressure difference of 50 Pa) and the specified qualitative
and quantitative parameters was verified. The hypothesis was verified using the F and x? statistics.
The studies demonstrated that there are no grounds to reject the research hypothesis. The obtained
results formulate a comprehensive conclusion that allows to test the tightness of buildings made
in the prefabricated wood frame technology and makes the tightness results independent of many
features of the examined building. Ultimately, the tightness results are only dependent on the leak of
the examined object. They do not depend on roof structure, wall system, floor area, cubature, number
of window openings, porch.

Keywords: building tightness; blow door; prefabricated wood frame technology

1. Introduction

A building envelope plays a very important role not only in limiting heat losses, but
also in limiting heat gains, which has impact on energy demand for space cooling [1]. It
can be affected by such factors as heat accumulation capacity of building partitions [2],
the impact of applied insulation materials [3] or their damage [4,5]. Owing to constant
improvements of thermal insulation of buildings, the significance of the relative share
of energy losses involving air infiltration has increased [6]. The impermeable enclosure
of the building eliminates unintentional air infiltration, and by minimizing heat energy
consumption, it reduces the operating costs of buildings [7,8]. Thus, the level of tightness
is an important feature of building structures, and specifically that of residential buildings.
It has been widely recognized that air leaks in buildings contribute significantly to energy
losses in buildings where both heating and cooling are required.

The study by Orme [9] on residential and service buildings in 13 industrialized
countries estimated that due to the loss of conditioned air, unnecessary ventilation was
responsible for over 60% of energy losses in commercial and residential buildings. Of
course, the percentage of heat loss through ventilation may have changed over the years,
but the conclusion offered in this work regarding the share of air exchange in heat loss
is still valid. Besides, it is worth noting that the way the buildings are used is not ir-
relevant. The behavior of building users and the way they decide to control heating or
ventilation affects the level of comfort they accept and the microclimate of the environment
inside the building [10,11]. All these factors also have impact on energy efficiency in
building construction.
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The following methods are used to measure the tightness of buildings: fan pressur-
ization test method (Blower Door Test BDT) [12-14], pulse method [6], oscillation method,
decay method [15] and acoustic method [16,17]. In acoustic tests, acoustic insulation
of the building fagade is measured, taking into account the reverberation time inside
it [18,19]. In the BDT approach, the test is performed by measuring the air flow stream
and pressure difference between the inside of the building and the outside environment.
The pulse technique measures the tightness of the building at low pressures by releasing
compressed air into the test space. The oscillation method and the decay method as well
as the pulse method belong to the so-called unsteady pressurization methods, referred to
as AC method [20]. As early as in the 20th century, research studies were conducted on
airtightness measuring techniques, especially fan pressurization, for modeling infiltration
and to design ventilation systems [21]. The most commonly applied measuring method
of building airtightness is the fan pressurization test method. The method is described in
the European standard EN 13829 [22]. The test is carried out by quantifying air flow rate
with the difference between the inside of the building and its outside environment being
50 Pa. The method consists of mechanical increase or decrease of pressure in the room
using a blower door installed in the entrance doorway. The value of 50 Pa is not the actual
pressure difference between the inside of the building and its outside environment, yet
when the actual pressure difference is low, it is difficult to ensure a precise measurement of
air flow rate. This pressure is sufficiently high for the obtained results to be independent
of weather impact. Most countries define their airtightness requirements with the nsg
coefficient (a multiplication factor of air exchange in the building effected by pressure
difference of 50 Pa) [23].

Current research in many cases involves the analyses of places where leaks oc-
cur [24,25], which triggers the development of practical solutions such as: novel work
execution details, technological or material solutions. Some authors focus on determining
the impact of technical parameters on the tightness of a building envelope. The reviews of
current works offer items focusing only on wooden constructions [26], but most frequently,
they are not devoted to determining what factors affect the tightness of single-family
residential buildings made in the prefabricated wood frame technology. For example, in
the collective work led by Dederich [27] devoted to wooden constructions, we can find
general rules for the construction of an airtight building envelope. And Kalamees [26]
presented airtightness tests of buildings with wooden structures, but he considered only
air leaks through the joints of external walls. Although some of the authors [28-31] address
the above-mentioned subject matter, they do it with reference to various execution tech-
nologies of building objects. It is believed that air tightness is strongly related to execution
technology [14,29].

In traditional building construction (brick walls, prefabricated ceilings), the problems
are different than those in wooden constructions, both in terms of the execution and
design. Given that the market share of “finished wooden houses” is increasing, identifying
the factors that have the greatest impact on the airtightness of buildings is, therefore,
particularly valuable.

As shown in the work overview, the scientists present different research methods for
building airtightness. However, the impact of a single factor or jointly of many factors on
the parameters describing the tightness of a building has not been determined. Therefore,
in this article, factors such as the number of installation holes through the walls, electrical
installation points, the number of windows, the number of chimneys, the number of
prefabricated elements or the total contact length of external walls with the foundation slab
have been identified, and their impact on the tightness parameters of the building envelope
was determined. The influence of the examined factors on the nsy parameter was verified
by the statistical hypothesis stating the presence or absence of a relationship between them.

In the study, using a multivariate analysis, the authors determined to what extent
the specific issues have a substantial impact on the tightness of single-family residential
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buildings made in the prefabricated wood frame technology, such as: structural solutions,
architectural concept (building block), material solutions, routing methods of installation.

2. Materials and Methods
2.1. Examined Objects

The examined objects were single-family residential buildings made in the prefabri-
cated wood frame technology in line with the pattern presented below:

1. As the first stage of construction, reinforced concrete foundation slab is made on site.
2. After the concrete mix has reached its full strength, the object is assembled.

A schematic of the construction process of such a building is presented in Figures 1 and 2.

Figure 1. Assembly process of an object in prefabricated technology.

Figure 2. Assembly process of an object with a truss roof.

All the examined objects were realized in the frame system with the use of Wolf
prefabrication system. The Wolf prefabrication system is presented in Tables 1-4. The tested
residential buildings were built in line with individual designs and solutions dedicated to
a given system.
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Table 1. Wall made in the system Wolf Thermo, Wand/Thermo, Wand Plus/Ultra Mega Wand.

Nfumber Material Thickness [mm]
of Layer
Thermo Wand Thermo Wand Plus ~ Ultra Mega Wand
1234
0
10
1 Plasterboard 12.5 12.5
2 wood-based board - 50
3 OSB wood-based board 15 15
4 Vapor barrier 0.15 0.15
5 Wooden construction 160 * 160 *
OSB (oriented strand boards)
6 wood-based board 15 15 15
7 EPS (expanded polystyrene) 60 120 60
polystyrene board
8 Fiber mesh on adhesive 5 5 5
9 Plaster pad 1 1 1
10 External plaster 3 3 3
* Layers made at building site.
Table 2. Inter storey ceiling in Wolf system.
Number Material Thickness Illustration
of Layer [mm]
1 Cement screed 50 *
2 Technological insulation 0.22%
3 EPS 100 polystyrene 80 *
4 OSB wood-based board 18
Wooden construction
5 (filling between the 240
beams with 50 mm wool)
6 Wooden grate 24
7 Plasterboard 12.5*%

* Layers made at building site.

Table 3. Ceiling above the attic, Wolf system.

Number Material Thickness Illustration
of Layer [mm]

1 Wooden grate 24 **

Wooden construction
(filling between the
2 beams with 240 mm 240
wool)

3 Vapor barrier 0.15

4 Wooden grate 24

5 Plasterboard 12.5*%

* Layers made at building site. ** Optionally, an 80 mm grate supplemented with wool.

The examined buildings differed, among others, in the number of storeys, roof struc-
ture, wall construction system, the presence or absence of garage in the building body, net
floor area, cubature, number of window openings and porch area (see Figure 3).
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Table 4. Roof, Wolf system.

Number Material Thickness Illustration
of Layer [mm]
1 Roofing -*
2 Wooden battens 30
3 Wooden counter battens 50
4 Vapor-permeable 0.22
membrane
Wooden structure
5 (filling between the rafters 240
with 240 mm wool)
6 Vapor barrier 0.15
7 Wooden grate 24
8 Plasterboard 12.5*%

* Layers made at building site.

porch

Figure 3. Porch—external open space outside limited by poles or pillars (Silesia, Poland).

All the tested buildings were numbered from 1 to 40 in the order of measurements
in a given building. Table 5 presents the main data involving the listed buildings. The
following Table 6 presents the features of buildings corresponding to numbers 1-40 as in

Table 5.

Table 5. Summarized information about the buildings.

Presence or

Buildin, Roof Net Area of Cubature No of Window Area of
No g Storeys Structure Wall System %ﬁ%:ﬁz;’;gcgsfge Floor [m?] [m3] Openings [pcs] ~ Porch [m?]
1 GF + usable attic Purlin-roof- UltraMega Absence 102.5 653.1 8 0.0
2 GF + 1F Roof truss UltraMega Presence 100.3 690.8 17 34
3 GFr Roof truss ThermoWand Absence 1185 355.4 8 0.0
4 GFr Roof truss ThermoWand Presence 216.9 563.9 14 10.4
5 GF + usable attic Purlin-roof ThermoWand Absence 39.5 985.2 13 6.9
6 GF Roof truss UltraMega Absence 116.7 303.5 10 0.0
7 GF Purlin-roof UltraMega Absence 104.5 353.0 9 0.0
8 GF Roof truss UltraMega Presence 195.3 635.8 13 11.2
9 GF + 1F Roof truss ThermoWand Absence 102.1 610.1 19 3.1
10 GF Roof truss ThermoWand Absence 205.4 554.5 15 10.8
11 GF + usable attic Purlin-roof ThermoWand Presence 192.1 675.0 12 6.1
12 GF + usable attic Purlin-roof ThermoWand Presence 128.2 585.7 13 0.0
13 GF + 1F Roof truss UltraMega Presence 147.9 655.3 20 15.6
14 GF Roof truss ThermoWand Presence 138.8 348.4 11 0.0
15 GF Roof truss ThermoWand Absence 86.5 216.3 7 3.3
16 GF + usable attic Purlin-roof UltraMega Presence 130.9 644.0 13 3.8
17 Roof truss UltraMega Presence 149.4 473.8 10 11.3
18 GF + usable attic Purlin-roof ThermoWand Presence 140.6 732.9 14 5.1
19 Roof truss UltraMega Absence 123.7 333.9 11 1.6
20 GF + usable attic Purlin-roof UltraMega Presence 133.9 824.5 11 12.6
21 GF + 1F Roof truss UltraMega Presence 168.3 761.6 24 0.0
22 GF + usable attic Purlin-roof ThermoWand Absence 114.5 613.1 12 0.0
23 GF + usable attic Purlin-roof ThermoWand Absence 101.6 419.6 10 0.0
24 GF + usable attic Purlin-roof ThermoWand Absence 150.4 597.4 18 0.0
25 GF + usable attic Purlin-roof ThermoWand Absence 76.3 389.0 10 0.0
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Table 5. Cont.

Presence or

Building Roof Net Area of Cubature  No of Window Area of
No Storeys Structure Wall System ‘?ESI;I: flii?rf gGQ;ﬁgye Floor [m?] [m®] Openings [pcs] ~ Porch [m?]
26 GF Roof truss UltraMega Absence 119.8 282.1 9 10.9
27 GF Roof truss ThermoWand Absence 134.8 350.6 12 29.8
28 GF + usable attic Purlin-roof UltraMega Absence 115.3 341.7 9 0.0
29 GF + usable attic Purlin-roof ThermoWand Presence 208.8 698.3 14 22
30 GF + usable attic Purlin-roof UltraMega Absence 135.3 615.0 13 0.0
31 GF + usable attic Purlin-roof ThermoWand Absence 105.5 444.6 15 0.0
32 GF Roof truss ThermoWand Absence 146.1 368.2 10 13.3
33 GF Roof truss ThermoWand Absence 149.2 460.4 12 20.7
34 GF + usable attic Purlin-roof ThermoWand Absence 110.1 564.8 10 0.0
35 GF + usable attic Purlin-roof UltraMega Absence 85.4 460.4 13 9.1
36 GF + usable attic Purlin-roof ThermoWand Absence 98.1 399.1 11 0.0
37 GF Roof truss ThermoWand Absence 99.7 249.1 9 4.0
38 GF Roof truss ThermoWand Presence 118.1 3214 10 234
39 GF + usable attic Purlin-roof ThermoWand Absence 77.0 4029 7 0.0
40 GF Roof truss ThermoWand Absence 123.9 298.2 7 3.5
GF: Ground floor, 1F: First floor.
Table 6. List of features that may affect airtightness of buildings.
. Number of Roof Total Length of
Building Instljllil?tlil()) ;r I(-)Ifoles E\:{gﬁ:{igg%gﬁ?;iﬂ Windows (Including Number of Plllflgt‘;lr’ﬁt ra?: d Contact between
No. Roof Access Chimneys [pcs] External Walls and
through Walls [pcs] External Walls [pcs] Windows) [pes] Y Elements [pcs] Foundation Slab [m]

1 6 13 7 0 54 38.8
2 9 8 1 1 58 40.7
3 5 12 0 2 30 46.3
4 10 7 0 1 38 76.0
5 7 9 3 1 76 33.8
6 7 12 0 0 26 48.4
7 3 6 0 0 52 48.8
8 8 17 0 1 39 73.4
9 8 8 0 0 43 44.0

10 5 10 3 0 60 61.5

11 7 13 6 0 71 458

12 8 16 4 0 57 439

13 12 13 1 0 92 55.5

14 10 12 1 1 26 56.8

15 4 9 1 1 21 40.1

16 8 10 3 0 75 54.0

17 6 8 0 0 26 56.9

18 9 16 6 0 77 47.6

19 9 9 0 0 32 51.7

20 7 11 2 1 100 56.3

21 8 4 0 0 80 56.1

22 6 9 3 0 53 41.3

23 5 11 3 0 51 35.0

24 7 8 3 0 72 60.7

25 4 6 4 1 43 32.9

26 8 18 0 0 26 46.5

27 5 14 2 2 26 49.3

28 5 2 0 0 48 35.8

29 9 9 1 1 89 71.1

30 6 9 2 2 66 439

31 2 12 1 0 88 41.8

32 7 4 0 0 25 58.4

33 3 14 0 1 48 55.4

34 3 4 1 1 55 35.8

35 8 7 0 2 39 40.7

36 5 7 7 2 85 494

37 3 4 1 2 20 39.5

38 6 11 1 1 26 53.1

39 6 5 1 1 40 52.9

40 3 13 1 1 24 444

There were two types of roof structure in the examined objects. The first of them is
purlin roof presented in Figure 4a. The second type of roof structure is roof truss presented
in Figure 4b.

The essential stage of statistical analyses involves the selection of a research sample.
In order to select a statistical sample, it was decided to use the so-called targeted selection.
The main assumption of the sample selection was to collect a similar number of objects
with truss roof and objects with a fully prefabricated roof structure.
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Figure 4. A residential building made in the technology of a prefabricated wooden skeleton with a
prefabricated roof (a) purlin roof (b) roof truss (Silesia, Poland).

2.2. Parameters Describing Tightness

The parameters describing building tightness include the amount of air exchange
Napr (h~1) under the conditions of pressure difference (the most commonly used Apr = 50 Pa):

Va
ApApr = VPV 1

where: V ,—value of the average air leak at a given pressure, [m3-h~!]; V—cubature of
the interior—the cubature of the interior is calculated by multiplying the net floor area by
the average net room height, [m3].

This value determines how many times per hour the air filling the building can be
exchanged at a pressure difference of 50 Pa. Another quantity, slightly less frequently used
and not taken into account in this article, is g5 [m?/(hm?)], which defines the volume
of air per 1 m? of external envelope area of the building [m?] and can be introduced into
the building within an hour under conditions when the difference pressures of 50 Pa
is maintained.

2.3. Measurement Procedure

The measurements were carried out in Silesia, Poland. The location of the region
is between 49°23/38” N and 51°05'58” N and between 18°02/05” E and 19°58'26" E. The
measurements were carried out in the period March-May 2020. The average temperature
was between 3.0 °C for the month of March and 13.4 °C for the month of May. And the
average relative humidity of air was 76% in March and 69% in May.

Table 7 presents the measuring equipment used for the tests.

The tightness tests (Blower Door Tests) were performed on the basis of the stan-
dard [22], according to which the measurements involve all rooms with mechanical venti-
lation or air-conditioning within the tested building. It was important during the tests that
the tested object was tested for tightness after the completion of all works related to the
creation of a tight coating of the object. These works mainly involved the application of
vapor barrier foil overlaps from all prefabricated elements with Airstop tape, sealing the
installation holes, making the roofing, and eliminating or securing places of potential un-
controlled air leaks. These places included electrical points in external envelopes, window
ventilators, inlets or outlets of ventilation systems. The tests were carried out at various
stages of finishing works, which do not affect the tightness of the building. The works
include internal cladding of the building, painting works, tiling, facade works, etc.
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Table 7. Measuring equipment.

No. Measuring Equipment Description
It enables the examination of a wide variety
1 A fan Retrotec model 2350 with a of buildings; the fan has the capacity of

system of ducts, having 11 flow ranges

10.704 m3 /h, an electric motor 3/4 HP and
8 blades

A digital controller, Retrotec DM-2 with
2 two independent differential pressure
gauges and an automatic fan controller

3 A door shutter with material

It is a foldable aluminum frame with a high
pressure sheet enabling the installation of a
fan and a controller. The frame allows to
install the measuring setup in a doorway or
window with a width of 75 cm-105.4 cm and
a height of 131 cm-241 cm

4 A controller

The controller is equipped with two
independent circuits. Channel “A” measures
pressure in the building and channel B
measures air flow through the fan. An
additional controller measures the outside air
temperature. The measuring setup located in
the controller enables the measurement of
pressure differences with an accuracy of

=£2 Pa in the range from 0 to 60 [Pa]. And the
thermometer built into the controller has the
accuracy of £1 K

Before the measurements, all openings in the building envelope made in compliance
with the design, such as: windows, doors, chimney openings, air inlets, air outlets, installa-
tion elements and the like were plugged or closed. Each tested object was configured to
respond to pressure as one zone. All internal doors in the building were opened so as to
maintain even pressure of approx. 10% of the measured pressure difference between the
inside of the building and the outside environment. The visualization of the measurement

is presented in Figure 5.

Figure 5. Visualization of the object during the measurement.

The test was performed in line with the following procedure:

1.  The measurements were made in compliance with the standard [22] and all the
conditions contained therein. The gauges have built-in patterns and perform auto-

calibration after each switching on.
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The measurements of temperature and wind speed were made. The product of the
difference of temperatures (internal and external) and the height of the building is to
be lower than 500 m-K. Wind speed is to be lower than 6 m/s.

Logging pressure difference under zero flow conditions.

Proper measurement—it was carried out by measuring the air flow stream and
pressure difference between the interior of the building and the external environment
within the applied pressure difference values at intervals not higher than 10 Pa. In the
case of single-family houses with a cubature of less than 4000 m?, the highest pressure
difference was not lower than 50 Pa. Figure 6 shows the installed measuring system,
while Figure 7 shows the sealing of places with a potential uncontrolled air leak.
The measurement was performed in two series of measurements, under negative
pressure and overpressure conditions. In each test, at least five equidistant measuring
points were determined between the highest and the lowest pressure value.

Figure 6. Blower door with an installed fan and measuring system (a) view from the inside of the
tested object, (b) view from the outside of the tested object.

b)

Figure 7. Sealed potential places of uncontrolled air leak (a) inspection door (b) mechanical ventila-

tion outlet.

2.4. Statistical Methods

For the purpose of statistical analysis, scatterplots were made and then the H1 hypoth-

esis was verified—there is no statistically significant relationship between the examined
features against the alternative hypothesis H2 stipulating that such a relationship exists.
The test of the hypothesis was carried out using the F statistic. An important element of

" 1

this statistic is the “p” value of test probability.
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Then, the H1 hypothesis, which stipulates that the examined characteristics are inde-
pendent, was tested using the chi-square test.

3. Results and Discussion
3.1. Measurement nsg

In line with the objective of the research, first, the results of measurements involving
the exchange of internal air through the leaks of building envelope at a pressure difference
of 50 Pa relative to the environment were compiled for 40 tested buildings.

Table 8 presents the results as the arithmetic mean of the measurements under over-
pressure and underpressure conditions together with the standard uncertainty. The results
presented in Table 8 will be used for further statistical analyses.

Table 8. Summary of test results.

Average njz) of

Average njz) of

Building No. Underpressure and Uitcael::i;;dt Building No. Underpressure and Ui?:rf;l:t
Overpressure [h—1] y Overpressure [h—1] y
1 0.911 0.040 21 0.615 0.039
2 1.314 0.021 22 0.804 0.016
3 1.478 0.014 23 1.340 0.045
4 1.235 0.177 24 1.139 0.034
5 1.158 0.037 25 1.380 0.001
6 0.580 0.057 26 1.484 0.008
7 0.575 0.039 27 0.774 0.010
8 1.384 0.054 28 1.163 0.003
9 0.892 0.016 29 1.461 0.053
10 1.368 0.032 30 1.230 0.043
11 0.982 0.060 31 0.999 0.011
12 1.157 0.040 32 1.460 0.043
13 1.374 0.136 33 1.266 0.055
14 1.319 0.040 34 1.101 0.015
15 1.160 0.075 35 1.266 0.055
16 1.274 0.117 36 0.958 0.044
17 0.847 0.020 37 0.706 0.049
18 1.296 0.144 38 0.850 0.005
19 0.874 0.008 39 1.395 0.022
20 1.340 0.071 40 1.240 0.059

In line with the preset objective of the work, the impact of the selected features of the
object on the value of parameter nsy was determined.

3.2. Statistical Analysis

Taking into account the current scientific achievements in the field of airtightness of
building objects, as described in the introduction, further analyses included such quanti-
tative and qualitative features/parameters of the object as: net floor area, cubature of the
heated part, the number of window and door openings in external envelopes, the area of
porch, the number of installation holes through external envelopes, the number of electrical
installation points in the external envelopes, the number of windows and roof hatches, the
number of prefabricated elements the building was made of, the number of storeys, the area
of holes in the external envelopes (including windows, doors, garage gates), the total length
of the connection of external walls with the foundation slab, roof structure and the applied
wall system. Statistical analyses were performed using the program STATISTICA 13.3.

First, scatter plots were made (Figure 8) to demonstrate whether there was a linear
relationship between n5p and the analyzed quantitative parameter describing the object.
The analysis did not comprise two parameters presented in Table 6, i.e., the number of roof
windows (including roof access windows) and the number of chimneys. This results from
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the preliminary review of the results, which indicates that there is completely no influence
of the indicated factors on the nsy parameter.

a) y=0.001x+0.970 b) y=0.0002x+1.026 C) y=-0.005x+1.190
1.6 1.6 1.6
© o o ° ° 00, o
o
8 | °,6 s g 2%, S Peo o g [ Be oo o °
©1.2 o oo —— —* 12 5 o °°0 0 E12r 2 °
[4 e © [ 02 —® [ N R S N
@ ”’ @ ” @
o os" A o o 0° o ) o 0 ° ° .
208 <% ° R'=0.027 (o8 S ° o R*=0.018 [20g °°y R>=0.005
° o o
oo ° oo °© oo ¢
0.4 0.4 0.4
60 100 140 180 220 100 300 500 700 900 1100 6 10 14 18 22 26
Net area [m?] Cubature [m’] Number of window openings
169)  »=0030:+0938 168) »=0.015x+0.983 16§) y=0.002x+1.116
o o © o 0 o) o o 0 o o o
» o g o o © o/// » O o 04y 0 o o) g &y ©
I 1.2 8 ° hd ?; g 1.2 8 i o° %o 9 0% ? 1.2 o ° %o ° |
o oo go 9] 3 o — o 5 goo — ——
o o .0 o — o, o ° o § s o
208 o8 ° 208 85 ° 208 o° o L Lol |
o R”=0.066 o R™=0.047 o R”=0.0041
o o o g () o 8
0.4 0.4 0.4
0 4 8 12 0 4 8 12 16 20 0 15 25 35
Number of installation holes Number of electrical installation points Area of porch [m?]
16.9)y=0.0014x+1.0588 16.N) y=0.0033x+0.969
&o o o 0 o
®o o o G} o o
%1 ) o @ IR 1 %1 2 f 80 w o
o o 0 o —go— o 00 0o —5
2 —— © z "o ——
o
o o o o o o o o oo .
2o8 9 0 208 0 °lo
o R*=0.014 e R>=0.018
o o g [}
0.4 0.4
10 30 50 70 9 110 30 40 50 60 70 80
Number of prefabricated elements Summary length of contact walls [m]

Figure 8. Scatter plots of the results (a) nsp—net area (b) nsp—cubature (c) nsp—number of win-
dow openings (d) nsp—number of installation holes (e) nsp—number of electrical installation points
(f) nsp—area of porch (g) nsp—number of prefabricated elements (h) nsp—summary length of con-
tact walls.

In order to statistically verify the impact of the selected feature on the tightness of the
building, the F dependence test was selected. We assume the significance level « = 0.05.

Hypothesis 1 (H1). There is no statistically significant linear relationship between nsg and the
tested parameter.

Hypothesis 2 (H2). There is a statistically significant linear relationship between nsy and the
tested parameter.

Let us consider the situations presented in Figure 8a-h, as listed in Table 9.

Table 9. Analysis of statistical hypotheses.

Situations in Figure Value of Statistics Test Probability Level *
Figure 8a F=1.0624 p=0.309
Figure 8b F =1.0697 p =0.409
Figure 8c F=0.1960 p =0.660
Figure 8d F =2.6690 p=0.111
Figure 8e F=1.8815 p=0.178
Figure 8f F =0.1580 p=0.693
Figure 8¢ F =0.5301 p=0.471
Figure 8h F =0.6806 p=0.415

*: Indicates that there are no grounds to reject the H1 hypothesis (p > 0.05).
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The qualitative characteristics include the type of roof structure (in this study, roofs
with truss structure and purlin structure were applied), the number of storeys, the presence
of a garage in the building body, wall system, the presence of chimneys, the number of roof
windows. In order to test the variables, the independence test x> was used. The results are
summarized in Table 10.

Table 10. Results of the chi-square test of independence for the analyzed qualitative variables.

The Test of Independence between the Examined Quality Feature and the Mean Parameter ns

Chi-Square
Feature Value df Significance
Roof structure 38.00 38 0.469
Number of storeys 77.77 76 0.422
Presence of garage 41.00 38 0.340
Wall system 37.87 38 0.476
Presence of chimney 75.24 76 0.503
Presence of roof windows/roof hatches 246 228 0.197

The statistical significance of the chi-square test for all examined qualitative features
(p-value) is higher than the assumed significance level of & = 0.05. Therefore, there are no
grounds to reject the H1 hypothesis.

In principle, it can be said that each examined factor does not affect the n5y parameter
individually. Yet we can state that air movement affects pressure measurement in the tested
object. Similar findings were offered by Zheng et al. [32] during their work at the test facility.
In the same work, Zheng et al. [32] stated that the ensuing studies should investigate the
impact of uncertain conditions of external environmental factors on the measurements
of building tightness. Also, the research conducted in this paper demonstrates that there
are other factors influencing the measurement result, and therefore the research proposed
by Zheng et al. [32] seems to be justified. Other studies [12] show that the value ns for
buildings before thermomodernization is 30—42% higher than that after thermomoderniza-
tion, which may be related to the tightness of frames after thermomodernization. Thus, it
seems that the number of windows alone does not significantly affect the nsy parameter,
and the impact may be affected by the tightness of frames. This may be explained by the
dispersion of results presented in Figure 8c. In another publication [24], the impact of the
total length of the openable part of windows and doors on the nsy parameter was estimated
for single-family houses. A fairly high correlation at the level of 0.81 was obtained. But in
this publication the impact of the width of the window sash was not investigated, but the
number of windows was considered, so the results are not comparable. In addition, in this
article, in-situ measurements were performed, which made it impossible to fully control the
examined factors. Moreover, in Ji and Duanmuu [24], the authors pointed out that the leaks
related to various types of installation holes have a significant impact on the final result,
but they did not investigate the scope of this impact in terms of numerical values. In the
interesting studies, Ji et al. [33] observed that the average share of windows and doors in air
leak is small. It confirms the results of this article declaring that the number of windows is
not the main factor determining the value of n5y parameter. Further, Ji et al. [33] concluded
that more research was needed to draw reliable conclusions. The above conclusion also
confirms the observations presented by the authors of this article.

Conclusions drawn by other researchers have been confirmed that in order to ensure
airtightness of a building, it is necessary to coordinate the entire process, starting with
the construction design, through the detailed implementation design, prefabrication stage,
assembly, supervision of the assembly process and finishing with qualified executive staff.
It would be interesting to continue the work by analyzing buildings erected in various
technologies. The present article points to the conclusion that for timber frame buildings
there is no significant statistical impact of the examined factors related to the building
envelope on the nsy parameter. This knowledge allows us to proceed to the next study;,
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which is the geometric shape of the building. Interesting research on this subject with the
use of the shape factor was carried out by Ji and Duanmuu [24].

4. Conclusions

In conclusion, we can state that none of the examined quantitative and qualitative
features has a statistically significant impact on building airtightness. Although the full
statistical analysis was performed for a linear relationship, when we examine the scatter
plots, we can accept that there is no statistical relationship.

Accordingly, the following conclusions can be drawn:

1. Asto the quantitative features, the greatest dependence was observed between the
average value of the n5y parameter and the features related to the routing method
of installation, i.e., the number of holes in sanitary installations and the number of
electrical installation points to external envelopes.

2. The impact of the above features on the parameter describing airtightness is, respec-
tively, 6.6% and 4.7%. The remaining quantitative features have a negligible impact
on nsp.

3. A similar situation occurs in the correlations of qualitative features. In the case of
qualitative features, significant relationships between the examined features and the
mean value of the parameter nsy were rejected.

4. The group of the examined buildings included buildings with the roof having truss
structure and prefabricated purlin structure. No impact of roof type on the tightness of
the tested objects was observed. Thus, it was confirmed that there is no specific feature
whereof number or presence in a prefabricated wooden building would significantly
determine airtightness.

The next stage of the research may involve the influence of external factors such as
wind, atmospheric pressure or temperature on the obtained results. In view of practical
considerations obtained from the presented research results, we can recommend giving
preferentiality to building designs with the smallest number of installation holes in the
external envelopes.
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