
113
Journal of Sustainable Architecture and Civil Engineering 2024/1/34

On-Site Application 
of End-Grain Bonded 
Timber Under Low Curing 
Temperatures

*Corresponding author: dio.lins@bfh.ch

https://doi.org/10.5755/j01.sace.34.1.35788

Dio Lins*, Steffen Franke
Bern University of Applied Sciences, Solothurnstrasse 102, 2504 Biel/Bienne, Switzerland 

Received
2023/12/03

Accepted after  
revision 
2024/01/23

On-Site 
Application of 
End-Grain Bonded 
Timber Under 
Low Curing 
Temperatures

JSACE 1/34

Abstract

Introduction

Journal of Sustainable 
Architecture and Civil Engineering
Vol. 1 / No. 34 / 2024
pp. 113-122
DOI 10.5755/j01.sace.34.1.35788

The end-grain bonding of timber components using the Timber Structures 3.0 technology (TS3) is an 
advancing construction method in timber engineering. This technology allows the realisation of any plate size 
by bonding plates on-site where low temperatures influence the performance. Therefore, investigations are 
underway to evaluate the influence of the low temperatures on the curing process. Additionally, research is in 
progress to discover techniques to reduce any adverse effects of low curing temperatures on the mechanical 
properties of the bond. The implementation of particular measures, such as the inclusion of milled heating 
wires into the joint and the pre-heating of the joint with a hot air blower, has been identified as advancing the 
potential for grouting even in the face of low external temperatures, as recent research has indicated.

Keywords: cross-laminated timber; CLT; flat slabs; end-grain bonded timber; on-site application; temperature 
effect.

End-Grain Bonding of Timber Components with the TS3-technology
Throughout history, the use of wood in construction has been limited to uniaxial load-bearing appli-
cations. It was only around thirty years ago, with the emergence of Cross-Laminated Timber (CLT), 
that the possibility of biaxial load-bearing timber components became apparent. However, because 
of limitations in transportation and manufacture, which restrict CLT elements to dimensions of 
around 3 m x 12 m, and the inability of on-site joining methods to offer a flexurally rigid connection 
of individual boards, the complete biaxial load-bearing capacity of CLT remains unrealised.

The incorporation of the Timber Structures 3.0 technology (TS3) and its end-grain bonding has 
resulted in a crucial development for the construction industry. Its capability to provide a flexurally 
rigid connection of elements on-site creates a high-performance and competitive timber prod-
uct that has the potential to surpass reinforced concrete floors. This novel technology presents 
significant progress and is showcased in Fig. 1 and Fig. 2. This marks a significant step forward 
in promoting sustainable building practices. Wood, used as a building material, presents a clear 
alternative to reinforced concrete, which necessitates substantial primary energy during its fabri-
cation - particularly in the process of cement production - and therefore emits high levels of CO2. 
Compared to reinforced concrete, wood as a building product generally has a much lower primary 
energy requirement, and wood also has the added benefit of sequestering around 1 tonne of CO2 
per cubic metre.
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Fig. 1
TS3 Building: Columns, 

Slabs, Ready (source: 
https://www.ts3.biz/en/

technologien/)

Fig. 2
CLT Joint with TS3 

Technology (source: 
https://www.ts3.biz/en/

technologien/)

Fig. 3
Apartment Building with 
wooden basement, Thun 

(source: https://www.ts3.
biz/en/referenzprojekte/)

Fig. 4
Apartment Houses, 

Grossaffoltern (source: 
https://www.ts3.biz/en/

referenzprojekte/)

The end-grain bonding process is carried 
out as follows: (1) The precision cutting of 
cross-laminated timber elements to the re-
quired dimensions is done at the manufac-
turing facility followed by the pre-treatment. 
This involves carefully applying a two-com-
ponent polyurethane adhesive to the des-
ignated surface areas. (2) The prepared 
cross-laminated timber panels are delivered 
on-site, positioned and secured with a 4 mm 
gap in between. (3) Using a specialised appli-
cation device, the casting resin is systemat-
ically injected into the joint through the filler 
hole, efficiently preventing the development 
of air pockets in the joint.

Reference Projects
The TS3 Technology has been used to con-
struct multiple buildings, mainly in Switzer-
land, with additional examples in Canada and 
Austria, as demonstrated in Fig. 3 to Fig. 6. 
Fig. 3 showcases the TS3 technology in ac-
tion, utilised even in the wooden basement, 
connecting the wooden floor slabs to the 
basement walls of an apartment block. Two 
of four identical blocks of flats are shown in 
Fig. 4, made using 2300 square metres of 
CLT for the floor slabs, all connected with 
TS3 technology. The TS3 technology is not 
restricted to regular flat-slab-to-column for-
mations but can also be adapted to more in-
dividualistic free-form designs, as displayed 
in the “Semiramis” project in. Fig. 6 presents 
a test rig at Bern University of Applied Sci-
ences, which also implemented TS3 tech-
nology. This structure was able to withstand 
a load of about 3.3 kN/m2. Additionally, the 
balcony, which was cantilevered, 1 ton load-
ed, and exposed to weather (SC3 conditions), 
managed to endure the continuous load 
without any complications for the bond line.

Challenges of On-site Application
The main construction phase usually took 
place during warmer seasons so far to pre-
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CHALLENGES OF ON-SITE APPLICATION 
The main construction phase usually took place during warmer seasons so far to prevent negative impacts 
of cold weather on the joint performance. However, it is imperative to examine on-site application even 
in lower ambient temperatures to facilitate international dissemination of this technology and offer an 
eco-friendly substitute for traditional reinforced concrete slabs. The main challenge in construction sites 
currently remains in achieving the minimum processing temperature of 17 °C, as required by the casting 
resin manufacturer (Deutsches Institut für Bautechnik, 2020). Unfortunately, this threshold is rarely 
reached in numerous regions across the European market. This issue is especially prevalent in 
Scandinavia, where timber constructions are commonly used, as well as in the Baltic States and Central 
Europe during prolonged periods of cold weather, as shown in Fig. 7. 
Lins and Franke (2023) conducted preliminary investigations into the curing characteristics of end-grain 
bonding in timber components. They uncovered that tensile strength in the bond correlates with curing 
time and temperature. Lower curing temperatures necessitate extended curing periods to reach the final 
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Fig. 5
Semiramis, Zug (source: 
https://www.ts3.biz/en/
referenzprojekte/)

Fig. 6
Outdoor Test Stand at the 
Bern University of Applied 
Sciences, Biel (source: 
https://www.ts3.biz/en/
referenzprojekte/)

Fig. 7
Average Air Temperature 
in Europe (source: 
https://www.wetter-
atlas.de/klima/europa.
php)

Fig. 8
Tensile Strength vs. 
Curing Time

market. This issue is especially prevalent 
in Scandinavia, where timber constructions 
are commonly used, as well as in the Baltic 
States and Central Europe during prolonged 
periods of cold weather, as shown in Fig. 7.

Lins and Franke (2023) conducted prelimi-
nary investigations into the curing character-
istics of end-grain bonding in timber compo-
nents. They uncovered that tensile strength 
in the bond correlates with curing time and 
temperature. Lower curing temperatures 
necessitate extended curing periods to reach 
the final bond strength (refer to Fig. 8). More-
over, it is evident that this ultimate strength 
remains lower at lower curing temperatures, 
even after a prolonged curing period, in com-
parison to 20 °C, for instance. Subsequently, 
a potential post-curing effect was explored. 
The test specimens undergo an additional 
14-day post-curing process at a temperature 
of 20 °C after the 20-day curing period at the 
corresponding lower temperature. However, 
there is no observable beneficial impact on 
the tensile strength after post-curing. The 
reduction in strength as a result of curing 
at 0 °C compared to 20 °C is approximate-
ly 35% (as illustrated in Fig. 9). These find-
ings clearly underscore the negative impact 
of low-temperature curing on the mechan-
ical properties of the bond. Consequently, 
strategies must be developed to ensure full 
bonding performance even at low tempera-
tures. Only this allows that the geographic 
applicability can be further expanded without 
constraints related to the warmer seasons.
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Material and Methods 
SOLUTION APPROACHES 
As noted in the challenges section, it has been established that lower temperatures may negatively impact 
the mechanical properties of end-grain bonding in timber components. Currently, there are no suitable 
compensation measures available. Therefore, various strategies have been investigated. Two potential 
methods are under consideration to address the impact of low curing temperatures on the mechanical 
properties of the end-grain bonded timber. The more elaborate approach incorporates a heating wire into 
the joint, allowing for precise temperature control, which guarantees effective bonding conditions at low 
ambient temperatures. An alternative approach involves utilising a hot air blower to direct warm air into 
the joint through the filling hole prior to the casting process. The aim of this method is to sufficiently 
preheat the joint, consequently elevating the surface temperature of the wood or pre-treatment and 
improving the bond between the pre-treatment and casting resin. 
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perature of 17 °C, as required by the casting resin manufacturer (Deutsches Institut für Bautechnik, 
2020). Unfortunately, this threshold is rarely reached in numerous regions across the European 
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Solution Approaches
As noted in the challenges section, it has been established that lower temperatures may negative-
ly impact the mechanical properties of end-grain bonding in timber components. Currently, there 
are no suitable compensation measures available. Therefore, various strategies have been inves-
tigated. Two potential methods are under consideration to address the impact of low curing tem-
peratures on the mechanical properties of the end-grain bonded timber. The more elaborate ap-
proach incorporates a heating wire into the joint, allowing for precise temperature control, which 
guarantees effective bonding conditions at low ambient temperatures. An alternative approach 
involves utilising a hot air blower to direct warm air into the joint through the filling hole prior to 
the casting process. The aim of this method is to sufficiently preheat the joint, consequently ele-
vating the surface temperature of the wood or pre-treatment and improving the bond between the 
pre-treatment and casting resin.

Materials
The laboratory experiments employed symmetrical cross-laminated timber elements with a 
7-layer layup. The longitudinal layers had a lamella thickness of 40 mm, while the transverse 
layers measured 30 mm in thickness, leading to a total height of 240 mm. All the conducted tests 
used spruce wood (Picea abies) with a wood moisture content of approximately 12%. A uniform 
joint thickness of 4 mm was maintained throughout all the experiments. In the heating-wire tests, 
the joint was filled with TS3 PTS CR192 casting resin. This resin is a two-component polyurethane 
casting material specifically designed for bonding timber components at the end grain. It shows 
similar properties to the adhesive used for bonded-in threaded rods in timber components.

Methodology of using milled heating wires 
Laboratory Experiments

The initial tests included the installation of milled heating wires. To achieve the curing temperature 
specified by the manufacturer of 17°C within the joint, or at least at the load-bearing lamellae, the 
first step involved milling grooves into the 500 mm long cross-laminated timber element, followed 
by the installation of two heating wires. The grooves were positioned in the non-load-bearing 
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ON-SITE VALIDATION 
To reassess the previously determined parameters and investigate potential variations arising from 
dissimilarities between laboratory and construction site circumstances, a heating wire was also employed 
in an actual project. This was followed by conducting temperature measurements. The study employed 
symmetrical five-layer cross-laminated timber units, with a height of 200 mm and a heating wire inserted 
in a groove at the lower edge of the middle lamella, similar to laboratory experiments (see  
Fig. 13). The external temperature was around 5 °C, and the electric power of the heating wire was set to 
9 W/m. The timber and casting resin were at 5 and 20 °C, respectively, before casting. Commencing with 
the casting process, the heating wire was actively engaged for 29 hours during the curing process. The 
temperature data acquisition was similar to the laboratory experiment, with 5 measuring points 
distributed across the cross section (refer to  
Fig. 14). 

Additionally, a corresponding numerical simulation was conducted utilising the predefined parameters, 
geometry, and boundary conditions of the project. The simulation considered the varying initial 
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cross layers, specifically within the third and 
fifth layer, as shown in Fig. 10. These grooves 
were 4 mm high and 5 mm deep. Insulated 
copper strands with a diameter of 3.4 mm 
were chosen for the heating wires. Further-
more, prior to casting, seven temperature 
measurement points were installed at dif-
ferent heights across the cross section (see 
Fig. 11) and connected to a data logger (see 
Fig. 12). A constant surrounding tempera-
ture of 0 °C was maintained by placing the 
test specimen in a climate chamber (see Fig. 
12), while the heating wires were controlled 
by a power unit to achieve an electrical pow-
er of 15 W/m. This enabled the creation and 
recording of practical temperature curves.

Furthermore, a transient thermal numerical 
simulation was conducted in ANSYS® to map 
the test setup. The geometry of the laborato-
ry experiment was used, assuming all con-
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Fig. 12
Test Setup: Data Logger 
and Power Unit (above) 
and cast Test Specimen 
in the Climate Chamber 
(belove)

tact surfaces were rigidly bonded. The ma-
terial parameters required for spruce timber, 
such as thermal conductivity and specific 
heat capacity, depend on the wood’s mois-
ture content (u) and the respective fibre di-
rection. Parameters are taken from literature 
(e.g., Niemz, 2005) with minor deviations. 
On the other hand, the values regarding the 
casting resin were solely obtainable for the 
cured state and were provided directly by the 
manufacturer. Although these values differ 
from those in the fluid or curing state that 
was modelled, they were used as an initial 
estimate. As the two-component casting res-
in undergoes an exothermic reaction, a heat 
is produced, which also had to be modelled. 
An assumption derived from the manufac-
turer’s specifications was also considered for 
this purpose. The heat transfer coefficient (α), 
which characterises convective heat transfer 
(Kuchling, 2010), was estimated based on 
the orientation of the respective surfaces in 
enclosed spaces (Kuchling, 2010). With the 
input values provided and an initial and am-
bient temperature of 0 °C, the temperature 
distribution was calculated across the cross 
section over a period of 29 hours.

A sensitivity analysis was conducted to de-

Fig. 10. CLT Element with Heating Wires in Grooves in the 
Cross Layers 

Fig. 11. Test Setup: Temperature Sensors and Heating Wires 
before Casting 

Fig. 12. Test Setup: Data Logger and Power Unit (left) and cast Test Specimen in the Climate Chamber (right) 

ON-SITE VALIDATION 
To reassess the previously determined parameters and investigate potential variations arising from 
dissimilarities between laboratory and construction site circumstances, a heating wire was also employed 
in an actual project. This was followed by conducting temperature measurements. The study employed 
symmetrical five-layer cross-laminated timber units, with a height of 200 mm and a heating wire inserted 
in a groove at the lower edge of the middle lamella, similar to laboratory experiments (see  
Fig. 13). The external temperature was around 5 °C, and the electric power of the heating wire was set to 
9 W/m. The timber and casting resin were at 5 and 20 °C, respectively, before casting. Commencing with 
the casting process, the heating wire was actively engaged for 29 hours during the curing process. The 
temperature data acquisition was similar to the laboratory experiment, with 5 measuring points 
distributed across the cross section (refer to  
Fig. 14). 

Additionally, a corresponding numerical simulation was conducted utilising the predefined parameters, 
geometry, and boundary conditions of the project. The simulation considered the varying initial 
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distributed across the cross section (refer to  
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geometry, and boundary conditions of the project. The simulation considered the varying initial 

termine the impact and precise values of material parameters of casting resin in liquid or curing 
states (thermal conductivity, specific heat capacity, and exothermic reaction heat), which are yet 
to be accurately established. The sensitivity analysis included the heat transfer coefficient (α) due 
to the significantly higher flow velocity observed in the climate chamber compared to expecta-
tions, as well as its minimal dependence on surface orientation. Subsequently, the parameters 
in the simulation were optimised to achieve agreement between the simulation and experiment.

On-site Validation

To reassess the previously determined parameters and investigate potential variations arising 
from dissimilarities between laboratory and construction site circumstances, a heating wire was 
also employed in an actual project. This was followed by conducting temperature measurements. 
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Section of CLT 
Elements with 
Heating Wire in the 
Groove

 

 

temperatures of the materials: the wood was assigned a temperature of 5 °C initially while the casting 
resin was introduced at 20 °C. The heating phase was subsequently modelled, and the outcomes were 
comparatively analysed after 29 hours. 
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Fig. 14. Temperature Sensors On-site 

 
METHODOLOGY OF USING A HOT AIR BLOWER 
The previous method, which included the temporary increase of the surface temperature via a hot air 
blower prior to the casting process, was subjected to laboratory analysis. A 7-layer CLT test specimen 
measuring 750 mm in length, as previously detailed, was employed to carry out this investigation. The 
specimen underwent the standard pre-treatment before drilling a filling hole at the centre of the section 
length. The hole extended upwards from the upper edge of the lower lamella at an angle of approximately 
45° in line with the construction site design. The cross section was equipped with five temperature 
measuring points (no. 1 - 3 at the end of the section and no. 4 - 5 above the filling hole, refer to Fig. 15), 
each monitoring the temperature every second. After completing the preparation, the first test specimen 
was merged with a second specimen that shares its dimensions while maintaining a 4 mm distance, 
mirroring practical conditions. Once secured with tape, the test specimen was subjected to a climate 
chamber with a temperature ranging from around 0 °C to 5 °C. Warm air was then introduced into the 
joint through the filling hole using the depicted hot air blower found in Fig. 16, after the specimen 
completely cooled down to the desired temperature for approximately two days. Two variations of the 
process were tested: (1) the air-filled joint was completely sealed with adhesive tape, (2) the adhesive 
tape was cut on the upper side to allow the blown-in air to escape. Afterwards, the complete testing 
apparatus was placed in a cold environment to monitor the time-related consequences of this 
methodology. 

The study employed symmetrical five-layer 
cross-laminated timber units, with a height of 
200 mm and a heating wire inserted in a groove 
at the lower edge of the middle lamella, simi-
lar to laboratory experiments (see Fig. 13). The 
external temperature was around 5 °C, and the 
electric power of the heating wire was set to 9 
W/m. The timber and casting resin were at 5 
and 20 °C, respectively, before casting. Com-
mencing with the casting process, the heating 
wire was actively engaged for 29 hours during 
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Fig. 14
Temperature 

Sensors On-site

Fig. 15
Test Setup with 

Temperature Sensors

Fig. 16
Hot Air Blower

the curing process. The temperature data 
acquisition was similar to the laboratory ex-
periment, with 5 measuring points distribut-
ed across the cross section (refer to Fig. 14).

Additionally, a corresponding numerical 
simulation was conducted utilising the pre-
defined parameters, geometry, and bound-
ary conditions of the project. The simulation 
considered the varying initial temperatures of 
the materials: the wood was assigned a tem-
perature of 5 °C initially while the casting res-

in was introduced at 20 °C. The heating phase was subsequently modelled, and the outcomes were 
comparatively analysed after 29 hours.

Methodology of Using a Hot Air Blower
The previous method, which included the temporary increase of the surface temperature via a hot 
air blower prior to the casting process, was subjected to laboratory analysis. A 7-layer CLT test 
specimen measuring 750 mm in length, as previously detailed, was employed to carry out this in-
vestigation. The specimen underwent the standard pre-treatment before drilling a filling hole at the 
centre of the section length. The hole extended upwards from the upper edge of the lower lamella 
at an angle of approximately 45° in line with the construction site design. The cross section was 
equipped with five temperature measuring points (no. 1 - 3 at the end of the section and no. 4 - 5 
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After completing the preparation, the first test 
specimen was merged with a second speci-
men that shares its dimensions while main-
taining a 4 mm distance, mirroring practical 
conditions. Once secured with tape, the test 
specimen was subjected to a climate cham-
ber with a temperature ranging from around 
0 °C to 5 °C. Warm air was then introduced 
into the joint through the filling hole using 
the depicted hot air blower found in Fig. 16, 
after the specimen completely cooled down 
to the desired temperature for approximately 
two days. Two variations of the process were 
tested: (1) the air-filled joint was complete-
ly sealed with adhesive tape, (2) the adhe-
sive tape was cut on the upper side to allow 
the blown-in air to escape. Afterwards, the 
complete testing apparatus was placed in 
a cold environment to monitor the time-re-
lated consequences of this methodology.

 

 

 
Fig. 15. Test Setup with Temperature Sensors 

 
Fig. 16. Hot Air Blower 

 
Results 
HEATING WIRE 
LABORATORY EXPERIMENT 
Fig. 17 demonstrates the temperature distribution at the interface between the wood and casting resin. 
This is determined by a numerical simulation based on material properties for the cured state of the 
casting resin after 29 hours, at which stage a stable temperature distribution has been established. The 
visual representation uses a colour gradient to depict various temperatures, with red representing the 
highest temperatures and blue indicating the lowest. A clear temperature pattern is observable, with the 
heating wires showing the highest temperatures (reaching around 100 °C), while the outer surfaces record 
the lowest temperatures, consistent with the ambient temperature of 0 °C. Vertically along the testing 
object, the temperature reduces gradually from the heating wires outward and to a lesser extent between 
them, with a temperature difference of approximately 20 Kelvin. Furthermore, there is a detectable 
reduction in temperature from the inside to the exterior of the test sample. Fig.18 shows the vertical 
temperature profile of the test specimen obtained by analysing data gathered from its midpoint (aligned 
with its length). This figure also highlights a comparative explanation of the temperature readings 
obtained during the laboratory-based validation process. Upon initial inspection, similarities between the 
simulation and experimental trends are evident, yet a significant temperature discrepancy exists within 
certain areas. Specifically, there is an approximate 15 Kelvin difference in temperature at the heating 
wires and almost 40 Kelvin in the middle section. Even at the outer edges of the load-bearing lamellae 
(35 mm from the outer edge), there is a temperature difference of approximately 25 Kelvin. 
However, Fig. 19 illustrates the comparison of the modified numerical simulation, in which the properties 
of the casting resin have been adjusted, with the experimental results. It is worth noting that there is a 
significantly enhanced level of correspondence between the simulation and the experiment. In both 
instances, the simulation aligns closely with the two outermost measurement points and one of the two 
points located at the heating wire also demonstrates excellent agreement. Nevertheless, there is a slight 
deviation of around 5 Kelvin at the other heating wire point, while the temperature measured between 
the heating wires is reported to be approximately 7 Kelvin lower in the experimental data when compared 
to the simulation. The differences between the curves mainly arise from the simulation's capacity to 
provide a continuous profile, as opposed to the experiment, where data points were linearly linked. 

Results
Heating Wire
Laboratory Experiment

Fig. 17 demonstrates the temperature distribution at the interface between the wood and casting 
resin. This is determined by a numerical simulation based on material properties for the cured 
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Fig. 17
Results numerical 
Analysis: Temperature 
Distribution after 29 h

state of the casting resin after 29 hours, at 
which stage a stable temperature distribu-
tion has been established. The visual rep-
resentation uses a colour gradient to depict 
various temperatures, with red representing 
the highest temperatures and blue indicating 
the lowest. A clear temperature pattern is 
observable, with the heating wires showing 
the highest temperatures (reaching around 
100 °C), while the outer surfaces record the 
lowest temperatures, consistent with the 
ambient temperature of 0 °C. Vertically along 
the testing object, the temperature reduces 
gradually from the heating wires outward 
and to a lesser extent between them, with a 
temperature difference of approximately 20 
Kelvin. Furthermore, there is a detectable re-
duction in temperature from the inside to the 

 

 

 
Fig. 17. Results numerical Analysis: Temperature Distribution after 29 h 

 
Fig.18. Comparison Laboratory Experiment - Simulation: 
Temperature vs. Cross Section after 29 h 

 
Fig. 19. Comparison Laboratory Experiment - adapted 
Simulation: Temperature vs. Cross Section after 29 h 

 
ON-SITE VALIDATION 
Fig. 20 shows the comparison of the cross-sectional temperature profiles from the adapted numerical 
simulation and on-site validation. This comparison is similar to previous ones and taken after the 
temperature has reached a stable state for 29 hours. The temperature reaches a peak of around 50 °C near 
the heating wire and gradually decreases towards the edges. Even at the outermost points of the external 
load-bearing lamellae, temperatures remain at around 20 °C. It's noteworthy that the measuring locations 
closely match the simulation, differing by only a few Kelvins. Additionally, Fig. 21 illustrates the 
timeline of temperature changes for the initial 29 hours after casting near the heating wire, thus providing 
another comparison between the simulation and on-site validation. The temperature gradually increases 
from roughly 0 °C during casting and eventually reaches approximately 50 °C after about 24 hours. This 
pattern shows similarities to a traditional instance of restricted development. The simulation and 
experiment once again confirm a strong correlation. 
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Fig. 18
Comparison Laboratory 
Experiment - Simulation: 
Temperature vs. Cross 
Section after 29 h

exterior of the test sample. Fig. 18 shows the vertical temperature profile of the test specimen 
obtained by analysing data gathered from its midpoint (aligned with its length). This figure also 
highlights a comparative explanation of the temperature readings obtained during the laborato-
ry-based validation process. Upon initial inspection, similarities between the simulation and ex-
perimental trends are evident, yet a significant temperature discrepancy exists within certain ar-
eas. Specifically, there is an approximate 15 Kelvin difference in temperature at the heating wires 
and almost 40 Kelvin in the middle section. Even at the outer edges of the load-bearing lamellae 
(35 mm from the outer edge), there is a temperature difference of approximately 25 Kelvin.

However, Fig. 19 illustrates the comparison of the modified numerical simulation, in which the 
properties of the casting resin have been adjusted, with the experimental results. It is worth not-
ing that there is a significantly enhanced level of correspondence between the simulation and the 
experiment. In both instances, the simulation aligns closely with the two outermost measure-
ment points and one of the two points located at the heating wire also demonstrates excellent 
agreement. Nevertheless, there is a slight deviation of around 5 Kelvin at the other heating wire 
point, while the temperature measured between the heating wires is reported to be approximate-
ly 7 Kelvin lower in the experimental data when compared to the simulation. The differences 



Journal of Sustainable Architecture and Civil Engineering 2024/1/34
120

between the curves mainly arise from the 
simulation’s capacity to provide a continuous 
profile, as opposed to the experiment, where 
data points were linearly linked.

On-site Validation

Fig. 20 shows the comparison of the 
cross-sectional temperature profiles from 
the adapted numerical simulation and on-
site validation. This comparison is similar 
to previous ones and taken after the tem-
perature has reached a stable state for 29 
hours. The temperature reaches a peak 
of around 50 °C near the heating wire and 
gradually decreases towards the edges. 
Even at the outermost points of the external 
load-bearing lamellae, temperatures remain 
at around 20 °C. It›s noteworthy that the 
measuring locations closely match the 
simulation, differing by only a few Kelvins. 
Additionally, Fig. 21 illustrates the timeline of 
temperature changes for the initial 29 hours 
after casting near the heating wire, thus 
providing another comparison between the 
simulation and on-site validation. The tem-
perature gradually increases from roughly 0 
°C during casting and eventually reaches ap-
proximately 50 °C after about 24 hours. This 
pattern shows similarities to a traditional in-
stance of restricted development. The simu-
lation and experiment once again confirm a 
strong correlation.

Hot Air Blower
Fig. 22 and Fig. 23 illustrate the results of the 
hot air blower tests for both variations. The 
temperature data was measured at all five 
points, ranging from 0.5 to 2.5 °C prior to the 
initiation of the hot air blowing process. The 
diagram shows, contrary to expectations, a 
distinct decrease in temperature during the 
three-minute blowing phase at four of the 
five measuring points. The temperature dif-
ferences recorded among measuring points 
1 - 3 are of about 1.0 K. During hot air dryer 
use, measuring point 5 drops by about 3.5 K, 
while only measuring point 4 shows a minor 

 

 

 
Fig. 20. Comparison Construction Site Validation – adapted 
Simulation: Temperature vs. Cross Section after 29 h 

 
Fig. 21. Comparison Construction Site Validation – adapted 
Simulation: Temperature vs. Time (measurement point on the 
heating wire) 

 
HOT AIR BLOWER 
Fig. 22 and Fig. 23 illustrate the results of the hot air blower tests for both variations. The temperature 
data was measured at all five points, ranging from 0.5 to 2.5 °C prior to the initiation of the hot air 
blowing process. The diagram shows, contrary to expectations, a distinct decrease in temperature during 
the three-minute blowing phase at four of the five measuring points. The temperature differences 
recorded among measuring points 1 - 3 are of about 1.0 K. During hot air dryer use, measuring point 5 
drops by about 3.5 K, while only measuring point 4 shows a minor temperature increase of roughly 0.5 
K. After deactivation of the hot air dryer, all measuring points return to their original temperatures within 
roughly 3 minutes, regardless of whether the tape is closed or cut. 

 
Fig. 22. Temperature vs. Time; closed Tape 

 
Fig. 23. Temperature vs. Time; cut Tape 

 
Discussion 
HEATING WIRE 
The findings, derived from simulations and experimental validations using milled heating wires, offer 
highly credible results. The evidence demonstrates a strong correlation between the adapted simulation 
outputs and validation results in the shown formats. It is crucial to acknowledge, however, that the 
material parameters, which were presumed constant throughout this study, indeed evolve over time under 
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Fig. 22 and Fig. 23 illustrate the results of the hot air blower tests for both variations. The temperature 
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the three-minute blowing phase at four of the five measuring points. The temperature differences 
recorded among measuring points 1 - 3 are of about 1.0 K. During hot air dryer use, measuring point 5 
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Fig. 17. Results numerical Analysis: Temperature Distribution after 29 h 

 
Fig.18. Comparison Laboratory Experiment - Simulation: 
Temperature vs. Cross Section after 29 h 

 
Fig. 19. Comparison Laboratory Experiment - adapted 
Simulation: Temperature vs. Cross Section after 29 h 

 
ON-SITE VALIDATION 
Fig. 20 shows the comparison of the cross-sectional temperature profiles from the adapted numerical 
simulation and on-site validation. This comparison is similar to previous ones and taken after the 
temperature has reached a stable state for 29 hours. The temperature reaches a peak of around 50 °C near 
the heating wire and gradually decreases towards the edges. Even at the outermost points of the external 
load-bearing lamellae, temperatures remain at around 20 °C. It's noteworthy that the measuring locations 
closely match the simulation, differing by only a few Kelvins. Additionally, Fig. 21 illustrates the 
timeline of temperature changes for the initial 29 hours after casting near the heating wire, thus providing 
another comparison between the simulation and on-site validation. The temperature gradually increases 
from roughly 0 °C during casting and eventually reaches approximately 50 °C after about 24 hours. This 
pattern shows similarities to a traditional instance of restricted development. The simulation and 
experiment once again confirm a strong correlation. 

Fig. 19
Comparison Laboratory 

Experiment - 
adapted Simulation: 

Temperature vs. Cross 
Section after 29 h

temperature increase of roughly 0.5 K. After deactivation of the hot air dryer, all measuring points 
return to their original temperatures within roughly 3 minutes, regardless of whether the tape is 
closed or cut.
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Fig. 22
Temperature vs. 
Time; closed Tape

Fig. 23
Temperature vs. 
Time; cut Tape
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HOT AIR BLOWER 
Fig. 22 and Fig. 23 illustrate the results of the hot air blower tests for both variations. The temperature 
data was measured at all five points, ranging from 0.5 to 2.5 °C prior to the initiation of the hot air 
blowing process. The diagram shows, contrary to expectations, a distinct decrease in temperature during 
the three-minute blowing phase at four of the five measuring points. The temperature differences 
recorded among measuring points 1 - 3 are of about 1.0 K. During hot air dryer use, measuring point 5 
drops by about 3.5 K, while only measuring point 4 shows a minor temperature increase of roughly 0.5 
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roughly 3 minutes, regardless of whether the tape is closed or cut. 
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The findings, derived from simulations and experimental validations using milled heating wires, offer 
highly credible results. The evidence demonstrates a strong correlation between the adapted simulation 
outputs and validation results in the shown formats. It is crucial to acknowledge, however, that the 
material parameters, which were presumed constant throughout this study, indeed evolve over time under 
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Heating Wire
The findings, derived from simulations and experimental validations using milled heating wires, 
offer highly credible results. The evidence demonstrates a strong correlation between the adapted 
simulation outputs and validation results in the shown formats. It is crucial to acknowledge, how-
ever, that the material parameters, which were presumed constant throughout this study, indeed 
evolve over time under real-world conditions. Each of the characteristic values undergoes contin-
uous transformations from the moment of component mixing until the casting resin achieves full 
cure and only stabilises thereafter. Moreover, there is a temperature dependency of these values 
present during both the curing phase and the fully cured state. However, the preceding analysis 
neglected both effects for the sake of simplicity. In summary, the simulation uses average mate-
rial property values during the initial 29 hours after component mixing. This allows it to accurately 
predict temperature distribution at this time. The simulation achieves its purpose with good accu-
racy, and even the progression of temperature over time can be forecasted. However, ensuring the 
integrity and functionality of the heating wires throughout the intended heating period is essential. 
To monitor this, a method involves using temperature sensors distributed across the cross sec-
tion, as demonstrated in the experiments which would introduce significant complexity.

Hot Air Blower
Contrary to expectations, the hot air dryer caused a temperature reduction at the measurement 
points, prompting several hypotheses. One plausible assumption is that the air blown in, with lim-
ited heat storage capacity (≈ 1.005 kJ/kgK, Kuchling, 2010), cooled considerably during passage 
through the 30 cm-long filling hole, in close proximity to the cold wood, before reaching ambient 
temperature. It is possible that cold ambient air was drawn in and mixed with the warm air during 
the blowing process, leading to an intensified cooling effect and potentially explaining the lack of a 
temperature increase within the joint. However, this does not account for the decrease in tempera-
ture. Notably, the relative humidity in the climatic chamber set at around 0 °C was approximately 
60%. When utilising the hot air blower, the door to the chamber required opening, resulting in a 
slight temperature increase and significant rise in relative humidity. The augmented humidity in 
the blown air, in conjunction with the cooling effect as it flowed through the filling hole, conceivably 
caused the temperature sensors to record a lower reading due to the interaction of the amplified 
airflow velocity and humidity. Although the aforementioned effect is not anticipated in the construc-
tion field, it is justifiable to deduce that the implementation of a hot air blower does not significantly 
increase the temperature of the joint, making it an unfeasible remedy in practical scenarios.

22 23

Experiments utilising embedded heating wires show evidence establishing the efficacy of this 
technique in achieving the required curing temperature within the joint, even in low ambient tem-
peratures. Additionally, tailored numerical simulations that assess temperature distribution over 
time across the cross section highly correlate with actual outcomes, demonstrating predictability. 

Conclusions 
and Outlook
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Notably, this validity extends beyond laboratory-controlled conditions to genuine construction site 
scenarios. Therefore, it is feasible to predict the needed heating wire configurations according to 
environmental factors and enable an informed design of the heating wire system. On the other 
hand, the second option being examined, which involves using a hot air blower, does not appear 
to offer a promising compensatory measure. This is because there is no significant effect resulting 
from this approach. The heating wire method is a feasible approach, despite the substantial extra 
workload associated with milling, installation, heating wire adjustment, and quality assurance. 
Since these endeavours are comprehensive, researchers are continuously exploring alternative 
methods for achieving bonding at lower ambient temperatures with less complexity.
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