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Abstract: The objective of this paper is to compare the thermal behavior of a light frame timber
wall by measuring 15 test samples with various insulation materials versus a theoretical simulation
with the use of a software. This work establishes the variance between the two different methods to
measure the thermal transmittance coefficient of timber walls. It is verified that the mean percentage
alteration between the two methods is 4.25%. Furthermore, this approach proved that with the use
of a simulation software, additional readings (humidity, vapor flux, heat flux, and vapor pressure)
can also be considered and measured, enhancing the overall development of a timber wall. This can
provide additional information regarding to the characteristics of the masonry’s elements assisting in
an improved design of a timber wall with upgraded performance.

Keywords: insulation composites; thermal properties; simulation software; light frame timber wall

1. Introduction

In the recent years an upsurge of wooden structures has been observed and more
specifically timber buildings are being erected in most developed countries of the world.
As a result, the increased interest of manufacturers to engage in research, development, and
fabrication of new building materials as well as the improvement of building construction
systems. A timber house is an environmentally friendly habitat which consists of several
characteristics such as energy-efficiency, anti-seismic behavior, light weight, and enhanced
structural safety and comfort [1]. Based on the above, various factors have to be met
during the implementation of such a building project. One key element is the design of an
adequate building envelope which incorporates acceptable thermal insulation properties in
all of the elements of the building including the masonry, the roof, the frame, the ceiling,
and the floor. The masonry from a light timber frame is applied to the external walls of
a structure but also to the indoor partitions of a house with an appropriate thermal and
sound insulation and membranes with resistance to moisture.

The light timber frame masonry is utilized in wooden buildings in combination with
various insulating materials suitable for the specific type of buildings. Insulating materials
in a light timber-frame building are usually the extruded and expanded polystyrene,
stone wool, mineral wool, and fiberglass [2]. The lightweight building materials offer
improved thermal insulation, allowing the most effective temperature control inside the
building [3]. Insulating materials can be classified according to their chemical or physical
structure. The European market for insulation materials is characterized by the dominance
of inorganic fibrous materials (i.e., stone wool and fiberglass, which represent 60% of
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the market). A total of 27% of the market is represented by organic materials, which are
expanded and extruded polystyrene, as well as polyurethane foam. All other insulation
materials represent only 13% of the European market [4]. With the construction of light-
frame timber houses in various climatic regions and with the rise of new materials, great
importance was given to the thermal insulation and heat transfer properties of timber-frame
walls [5,6]. With regard to the low thermal conductivity coefficient of wood compared
to other materials [7-9], it can be deduced that a light timber-frame wall can provide a
structure with adequate mechanical properties and with an acceptable level of thermal
insulation. Several wood-based composites have been designed and constructed with such
properties that are promising for a diverse range of uses [10].

The thermal transmittance coefficient (U-value), as well as the thermal resistance
coefficient (R-value), are used to measure the thermal insulation properties. In practice, the
coefficient of thermal resistance measures the difficulty with which heat passes through a
material or layers of materials (system) with a temperature difference on both sides equal
to one-degree Kelvin (1° K). The higher the R-value, the better the thermal insulation of
the material [11]. Heat losses through a structural element are defined by the coefficient
of thermal conductivity (A-value), which gives the amount of heat transferred to the unit
of time in a constant temperature field through the unit surface of a structural element,
when the air temperature difference on both sides of the structural element is equal to one
unit [12]. Depending on the measured values of the two factors, it is determined whether
the light-frame timber masonry has the optimal or not thermal behavior.

In this paper, the HT-Flux simulation software was applied to measure the thermal
behavior of a light-frame timber masonry. Wakili and Tanner [13] presented the results
of three methods for determining the U-value when examining walls made of perforated
porous clay bricks. One was tested in a hot box according to EN ISO 8990: 1996, and
the other two methods referred to theoretical calculations according to EN 1745: 2002.
The results of this study showed that the U-value was between 0.115 and 0.128 W/ m2K
(i.e., 3-5% higher compared to the thermal insulation properties of a wooden structure).
Kucerova et al. [14] studied the housing condition of a timber building with regard to
the heat transfer coefficient and exhibited that after several years of use, the U-value was
0.04 W/m2K higher than the value resulted by the software calculation. As a consequence,
it deviated from the expected value and it also proven that the construction of the timber
building met the current thermal requirements based on the building standards.

Researchers developed a light-frame timber using plant residues and wood by-products,
originated from a close proximity range to the harvesting point [11]. Insulation boards
made of pine bark and hemp were placed in this wall. Readings for the thermal behavior of
the individual materials were undertaken, and as a result of this the thermal conductivity
of the entire masonry was analyzed. The outcome of the experimental measurements
for the thermal conductivity of the masonry that refer to the thermal behavior of each
material showed a relatively high value: A = 0.262 W/m*K. Furthermore, the percentage
of insulation was 51.2%, which presented a satisfactory rate of thermal resistance for a
masonry with R = 1547 m?*K/W. In another study [15] low density insulation boards
from cannabis residues and pine bark were constructed. This study demonstrated that
the thermal conductivity was improved when the percentage of the cannabis content was
increased (70% and 80%). On the contrary, the boards with low content of cannabis, with
a percentage of 10% and 20%, led to insulation composites with insufficient mechanical
properties. Moreover, Antov et al.,, investigated the potential of using wood fibers for
producing wood-based composites for structural applications with promising physical
properties [16].

In the quest of an ideal light-frame timber wall, many aspects and parameters have to
be considered. Cost and time are the two most critical ones. This study’s approach, aims to
identify the differences between the construction of a timber wall with specific dimensions
with various insulation materials versus a wall designed through a simulation software
with regard to comparing the thermal behavior of these two dissimilar setups. Furthermore,
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it is expected to be determined if any other characteristics and properties of this timber
wall can be concluded by using the minimum possible resources, man-hours and a lower
cost of materials.

2. Materials and Methods

Under laboratory conditions, a light timber-frame test wall was designed and con-
structed to host a synthesis of five dissimilar insulation materials in contemplation of
measuring the thermal transmittance values of fifteen different combinations within the
test wall. At the same time, a simulation software was used to undertake the same fifteen
readings aiming to compare the differences between these two methods.

2.1. Insulation Materials

Five commercial insulating materials were selected for the preliminary approach
as shown in Figure 1 (extruded polystyrene, expanded polystyrene, rock wool, mineral
wool, and glass wool). Each insulation material had the same thickness of 50 mm and
corresponds to a sample code displayed in Table 1. The experimental design was based on
two layers of insulation material for each test wall measurement, either two layers of the
same material or combinations of the five insulation materials as presented (Table 2). The
thermal transmittance (U-Values) of these boards were provided by the manufacturer of
each material and these values were used during the simulation process.

2.2. Test Wall

A test wall was constructed as described above. The dimensions of this light-frame
timber masonry were of 980 mm width and 950 mm height (Figure 2). The total thickness
was 160 mm (Figure 3) and the thickness of the individual layers are presented in Table 3.

Figure 1. The five insulation materials used—described in Table 1.

Table 1. Sample code correspondence to the insulating materials.

Number Sample Code Name of Insulating Material
1 A Extruded polystyrene
2 B Expanded polystyrene
3 C Stone wool
4 D Mineral wool
5 E Glass wool
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Table 2. Combination of insulating materials.
Number of Experiments Combination of Insulating Materials
1 AA
2 AB
3 AC
4 AD
5 AE
6 BB
7 BC
8 BD
9 BE
10 CcC
11 CD
12 CE
13 DD
14 DE
15 EE

Figure 3. Top view (detail) of the constructed light-frame timber wall.
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Table 3. Masonry layers used (thickness).

Number Description Thickness (mm)

1 Exterior masonry board (Pine) 20
2 Ventilation lath (Pine) 8

3 Ventilation-humidity membrane 1

4 Oriented Strand Board (OSB) 12
5 Void for Insulation 95
6 Oriented Strand Board (OSB) 12
7 Interior masonry board (Pine) 12

The methodology of the experiment with regard to the application of the fifteen
different insulation setups within the timber wall follows.

The five insulation materials (all with the same thickness of 50 mm) were cut to such
dimensions to fill the wall’s voids. A total of 15 different configurations were undertaken as
presented in Table 2. A hot box apparatus was used to assist with the thermal transmittance
measurements. The following temperature conditions were set for all of the 15 tests: an
outdoor temperature (Te) of 7 °C (£1 °C) and indoor temperature (Ti) of 20 °C (£1 °C).
Each individual test wall was positioned in a hot box apparatus for a 24h period.

A heat flux measuring device (Testo North America, West Chester, USA) (HFM-
Testo 635-2/ accuracy: 0.2 °C/operating temperature: —20 to +50 °C with a wireless
humidity /temperature probe) was used to measure the thermal transmittance as shown
in Figure 4. This apparatus measures the specific heat flow (q) and the air temperatures
for the two sides (Ti ‘warm” and Te ‘cold”) of the window with the assistance of a wireless
temperature probe [17]. Having reading from these three parameters, the U-Value is
calculated automatically using Equation (1):

U=q/(Ti - Te) (W/m?K) (1)

Figure 4. Installation of the masonry in the quality control mechanism for the measurement of
thermal permeability using the TESTO 635-2 heat flux measuring apparatus.

Equation (1): thermal transmittance.
The above method was performed for all fifteen possible combinations with the
different insulating materials and U-Value readings were taken, respectively (Figure 5).
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Figure 5. The U-value readings.

2.3. Simulation Software

The HT-flux software was selected for the simulation process of the same light-frame
timber wall. This include an automatic U-Value calculator of an inhomogeneous wall.
Along with the measurements, the layers and the materials used can be displayed with
details [18]. The design of the light-frame timber masonry was completed with the exact
same way as the actual construction of the test wall using the same setup with regard to
the dimensions, thickness and different layers of all materials used. Every single element
of this timber-frame wall was incorporated into the software with values based on the char-
acteristics of every different material (i.e., studs, dissimilar insulation materials, wooden
boards, and humidity protection membrane). The output of this setup resulted the U-Value
for the masonry. Having completed the design of the test wall, the software can visualize
the wall with a color variation to identify the layers of the test wall as displayed in Figure 6.

Figure 6. Completion of the design of the light-frame timber masonry. The color variation displays the
different materials used based on the Table 3 (masonry board, studs, insulation, humidity membrane,
OSB, etc).

2.4. Statistical Analysis

Hierarchical cluster analyses were carried out using SPSS/18 (2009). For cluster
analysis, Ward methods (with squared Euclidean method and distance intervals) were
carried out. Cluster analysis categorizes different treatments based on multiple properties.
Dendrograms will then reveal the similarities, and/or dissimilarities, within treatments,
based on all of the properties that have been involved in the analysis. Fitted-line and contour
plots were created in Minitab software, version 16.2.2 (Minitab Inc., New York, NY, USA).
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3. Results and Discussion
3.1. Results of the Test Wall

According to the following summary presented in Table 4, it was observed that from
the insulating materials placed in the timber wall, the best thermal behavior was the one
with the combination of two layers of expanded polystyrene (BB) and with the polystyrene
and mineral wool (BD) with the lowest value, both with a U-Value of 0.394 (W/m?*K)
and with an outdoor temperature of 7.0 °C. The thermal behavior of each test specimen
is related to the percentage of all of the materials which consist the specimen, which in
our case is the timber wall. The volume of the insulation material is approximately 70% of
the overall timber wall. This result was anticipated due to the low U-Values given by the
manufacturers of the specific materials.

Table 4. Laboratory readings of the thermal transmittance, the indoor and outdoor temperatures of
the timber wall with the combinations of the insulating materials.

*

s;:lnlzle Insulating Material 1 Insulating Material 2 IndoorT"li"e(r:\Cp)erature Temp:::ttl:ilio’;e o) (I‘ngysllzti()
AA Extruded polystyrene Extruded polystyrene 20 7.1 0.402
AB Extruded polystyrene Expanded polystyrene 20 8.1 0.399
AC Extruded polystyrene Stone wool 20 7.1 0.404
AD Extruded polystyrene Mineral wool 20 7.0 0.402
AE Extruded polystyrene Glass wool 20 4.4 0.419
BB Expanded polystyrene Expanded polystyrene 20 7.0 0.394
BC Expanded polystyrene Stone wool 20 8.1 0.409
BD Expanded polystyrene Mineral wool 20 7.0 0.394
BE Expanded polystyrene Glass wool 20 8.0 0.419
CC Stone wool Stone wool 20 8.0 0.415
CD Stone wool Mineral wool 20 8.0 0.417
CE Stone wool Glass wool 20 7.1 0.418
DD Mineral wool Mineral wool 20 7.3 0.417
DE Mineral wool Glass wool 20 6.9 0.412
EE Glass wool Glass wool 20 7.1 0.421

* U-value: thermal transmittance coefficient

3.2. Results of the Theoretical Simulation

According to the Table 5 below, it was noticed that from the insulating materials filling
the timber masonry, the best thermal behavior was the combination of two layers of ex-
panded polystyrene (BB) with a U-value of 0.384 (W/m?*K) and with outdoor temperature
of 5.0 °C. With the use of the software, the maintenance of a stable temperature, both
indoors and outdoors, was an easy task compared to the actual test wall, which resulted
again the best performance with the same synthesis of insulation boards.

3.3. Comparison of the Two Methods

The lower the U-value is, the better the thermal behavior of the particular measured
material. In Figure 7, there is a graphic illustration, with the highest and lowest readings of
the U-values for all of the fifteen measurements, respectively. It is witnessed that the value
difference between the two measuring methods was quite small as displayed below. The
greatest percentage variation between the two methods was at the “CD” setup with a value
of 6.64% and the lowest was at the “EE” setup with a value of 1.93%. This is translated into
a mean percentage difference of 4.28%. There are several parameters which are challenging
to be determined with accuracy in a test wall and affect the thermal behavior (amongst
them the humidity, the vapor pressure, and flow). These variables couldn’t be measured
with ease at the test wall. On the contrary, the simulation software took those into account.
Therefore, the prementioned deviation is noted in the comparison.



J. Compos. Sci. 2022, 6, 22

8of 13

Table 5. The readings of the thermal transmittance, the indoor and outdoor temperatures through a

theoretical analysis with the combinations of the insulating materials.

Sl:II:nl')lle Insulating Material 1 Insulating Material 2 IndoorT"li"e(I?(I:J)erature Tempeorel:tt:lil:zo;e ©C) (x-/::zl ’?Ii)
AA Extruded polystyrene Extruded polystyrene 20 5.0 0.394
AB Extruded polystyrene Expanded polystyrene 20 5.0 0.389
AC Extruded polystyrene Stone wool 20 5.0 0.391
AD Extruded polystyrene Mineral wool 20 5.0 0.389
AE Extruded polystyrene Glass wool 20 5.0 0.403
BB Expanded polystyrene = Expanded polystyrene 20 5.0 0.384
BC Expanded polystyrene Stone wool 20 5.0 0.389
BD Expanded polystyrene Mineral wool 20 5.0 0.386
BE Expanded polystyrene Glass wool 20 5.0 0.398
CcC Stone wool Stone wool 20 5.0 0.394
CD Stone wool Mineral wool 20 5.0 0.391
CE Stone wool Glass wool 20 5.0 0.403
DD Mineral wool Mineral wool 20 5.0 0.392
DE Mineral wool Glass wool 20 5.0 0.401
EE Glass wool Glass wool 20 5.0 0.413

0.43

W U-Value of the test wall  m U-Value of the theoretical simulation

0.42

0.41
|
£ 040
: R
(]
= 0.39
S
o

Snnnnnnnnnrnnn

0.37

0.36

AA AB AC

AD

AE BB BC

BD

BE

cC

CcD CE DD DE

Combinations of insulation materials within the test wall

EE

Figure 7. Comparative graphic representation of the U-Values. Laboratory measurements, blue bars;

simulation software, red bars.

3.4. Additional Features of the Simulation Software

In addition to the U-value readings, the HT-flux simulation software has other avail-
able features adequate to display various simulation characteristics, such as heat flow,
humidity, vapor flow, and water vapor pressure. The software, having implemented the
same design as the test wall, is able to visualize the parts of this wall where the premen-
tioned characteristics may affect the performance of the wall. This is being displayed
through a color variation which on a scale exhibit the actual value of each feature.

Through the theoretical simulation, there is a potential of extracting more information
concerning the characteristics of the timber frame masonry’s structural elements.

The variance in the pressure of the water vapor from the lowest to the highest temper-
ature’s side can be visualized. The side of the wall with the higher temperature has more
pressure which decreases linearly, without difference between the materials consisting the
timber wall towards the temperature’s lower side (as can be seen in Figure 8 below).
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Figure 8. Theoretical simulation display of the timber wall’s water vapor pressure.

The temperature deviation between the two surfaces of the timber wall creates water
vapor that accumulates in its body. Figure 9 exhibits a greater increase of water vapor (dark
red color) on the surface of the timber stud, with a smaller accumulation in the inner part
of their contact with the thermal insulation material. In the middle part of the timber frame
masonry, a very low level of vapor is visible (which is displayed with the light blue color).

0.300
0270 I
0.240

0210

0.180

0.150

0.120 ==

Figure 9. Theoretical simulation display of the vapor flow.

Figure 10 below indicates the heat flux projection with the color palette used to
demonstrate the local heat flux, through the color variation scale. The light blue color
exhibits the highest heat flux in this wall which is 25 W/m?. In the area corresponding
to the specific color, the studs function as the connecting part of the timber framed wall,
simulating the actual construction. The combination of insulating materials has been placed
in its intermediate part. This section appears in dark blue, which indicates a lower heat
flow. Thermal bridges are displayed in the material with the lowest thermal resistance.

Figure 11 presents the percentage of moisture that penetrates the timber wall in each
different element. It is observed that in the studs, the surface moisture is reduced in relation
to the surface of the wall filled with insulation material. However, the part of the timber
wall that consist of the studs, on the outer side, reveals increased humidity in relation to
the thermally insulated part of the timber wall.
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Figure 10. Theoretical simulation display of the heat flux.
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Figure 11. Theoretical simulation display of the humidity.

3.5. Cluster Analysis

In this connection, normalized regression analysis between the two thermal transmit-
tance coefficient values (practically measured at the laboratory, and theoretically calculated
by a simulation software) demonstrated a rather high R-squared value (as high as 80%
as shown in Figure 12). Moreover, contour plot among the lab and theoretical values
provided further significant corroborating evidence illustrated as two distinct zones in the
graph (although slight discrepancies in the graph were observed as displayed in Figure 13).
This clearly indicated that theoretical calculation can provide a reliable basis for primary
prediction of U-Values in timber-frame walls, where a high number of replications and
material combinations would be costly. Once the primary evaluation is carried out and the
target material combinations determined, further practical evaluation by real specimens
can give a better scope of the overall U-Values.
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Figure 12. Contour plots between laboratory measurements and theoretical simulations. Theoretical
simulation; U-Value, thermal transmittance coefficient.
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Figure 13. Minitab plots between laboratory measurements and theoretical simulations, demonstrat-
ing high and significant R-squared value (80%).

Cluster analysis based on the thermal transmittance coefficients and the outdoor
temperatures demonstrated two distinct groups clustered remotely to each other (Figure 14).
Moreover, the wall type AE was also clustered distinctly and remote from the above
mentioned two groups. All wall types having E in their combinations (with an exception
of the AE wall type) were collectively clustered in one group. This clearly indicated
the decisive effect of glass wool on the thermal transmittance behavior of light timber-
frame walls. Moreover, all wall types with extruded polystyrene (denoted as A) were
also clustered in a separate distinct group (with an exception of the AE wall type). This
again revealed the significant impact of extruded polystyrene on the thermal transmittance
coefficient of walls. Combination of the impacts of A and E, and their interactions as well,
eventually resulted in wall type AE being separately clustered to the two above mentioned
groups. Based on the cluster analysis, it was concluded that the overall thermal behavior of
light timber-frame walls are closely dependent on the materials used to produce them, and
two materials may have a higher impact on the overall thermal transmittance coefficients,
the glass wood, and the extruded polystyrene.
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Figure 14. Cluster analysis based on the thermal transmittance coefficients and the outdoor tempera-
tures (the 15 treatments clustered to each other are defined in Tables 4 and 5).

4. Conclusions

This research assessed the thermal transmittance values that emerged from the con-
struction of a light frame timber wall followed by a series of laboratory measurements
with a variation of fifteen different insulation setups within this wall. These values were
compared to the outputs using a heat flux theoretical simulation software.

The test wall with the fifteen dissimilar insulation configurations gave a series of
readings with the use of a Heat Flux Meter (HFM), the “Testo 635-2”. The laboratory condi-
tions were stable and monitored with specific indoor and outdoor conditions throughout
the completion of the experimental procedure which lasted 24 h per test sample. The
required time to complete the physical measurements was sixteen days and forty-eight
manhours (including the construction and recording the readings of all of the fifteen
different specimens).

The same design was undertaken with the use of the HT-Flux simulation software.
Twelve manhours were required for this approach. For this simulation there was no
cost for materials at all. Concurrently, the software assisted greatly to establish several
characteristics which affect the thermal performance of the wall which were not possible to
be identified with the first approach (construction and measurements of a test timber wall).

Parameters which play a key role to a series of potential improvements during the
timber wall design were ascertained. The vapor pressure, the humidity, the heat flux and
the vapor flow were monitored and displayed during the design phase with the use of the
software. The percentage variation between the two U-value measuring methods was at
an average of 4.28%. That corresponded to a U-value of 0.384 (W/m?*K) with the use of
the software and a U-Value of 0.421 (W/m?*K) measured at the test wall and a U-value
of 0.394 (W/m?*K) with the use of the software and a U-Value of 0.413 (W/m?*K) again
measured at the test wall for the “BB” and the “EE” configurations, respectively.

The typical approach using a simulation software is to maintain the experimental cost
as low as possible. However, it was proven in this study that the measurements were very
close, in absolute values, having employed these two methods.

This study validated the eventuality of using commercial insulation boards as filling
material towards achieving the foremost expected outcome in terms of the thermal behavior
of a timber wall.

The future steps following this research should be focused on formatting insulation
boards from agricultural and wood-based residues and studying their thermal transmit-
tance behavior. This is expected to be very critical once characteristics such as humidity
and vapor content for these types of insulation boards are anticipated to have relative high
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values. Therefore, the use of this simulation software is estimated to assist in wall-design
alterations to facilitate the minimum retain of water during the wall’s construction stage.
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