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End-grain bonding of spruce timber at low curing temperatures — effects on tensile

strength and how to improve

Dio Lins @ and Steffen Franke

Architecture, Wood and Civil Engineering, Bern University of Applied Sciences, Biel/Bienne, Switzerland

ABSTRACT

The end-grain bonding of timber components using Timber Structures 3.0 technology (TS3) represents
an emerging construction method in the field of timber engineering. For onsite applications, research is
being conducted to determine how low temperatures during the curing process affect the bonding and
to explore potential methods of mitigating any adverse impacts. The current research results reveal that
low curing temperatures detrimentally influence the mechanical properties of the bond. Conversely,
investigations into bonding with heated casting resin as a means to counteract the effects of low
curing temperatures demonstrate highly beneficial outcomes. Overall, this study provides design-
relevant tensile strength values, which, when coupled with suitable application strategies, enable
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effective bonding under low ambient temperatures. Future investigations will delve deeper into the
failure mechanism (adhesion - cohesion) as it relates to curing temperature variations.

Introduction
Timber Structures 3.0 technology

Utilising Timber Structures 3.0 technology (TS3), timber com-
ponents are end-grain bonded in a statically load-bearing
fashion. This methodology notably enables the creation of
biaxial load-bearing flat slabs constructed from cross-laminated
timber (CLT), irrespective of their geometry or size. To achieve
this, CLT elements with pre-treated side surfaces are positioned
adjacently, maintaining a 4 mm gap. Subsequently, this gap is
filled with a casting resin, facilitating a bonding process without
the need for lateral pressure. The casting procedure of the
joints, which are usually several metres long, is currently
implemented in segments, employing sealing strips as separa-
tors between them. Injection is conducted via an injection hole
positioned at the midpoint of each segment, with injection
occurring from bottom to top to prevent air bubble formation
(see approval Z-9.1-917 2024). A two-component poly-
urethane casting resin is employed, similar to that used for
bonding steel rods into load-bearing timber components. The
TS3 technology thus enables a simple and bending-resistant
onsite connection of CLT elements and thus, for the first
time, the efficient use of the biaxial load-bearing capacity of
this timber construction product.

Low curing temperatures

The aforementioned approval Z-9.1-917 (2024) for the TS3
technology also specifies that the air temperature during appli-
cation must be at least 17 °C until the final strength of the TS3

joint is reached. This requirement is attributed to the adhesive
used, which was developed based on the adhesive for bonded-
in threaded rods in load-bearing timber components according
to Z-9.1-896 (2020). Given that the minimal processing temp-
erature is also set as 17 °C in that context, this specification is
initially adopted to ensure a quality-assured bonding.
However, this requisite presents a challenge for the implemen-
tation of TS3 technology. Unlike bonded - in rods, this technol-
ogy is applied and cured on construction site, where it is
exposed to ambient temperatures. It is known that the required
temperature of 17 °C is rarely, if ever, achieved during colder
seasons in certain parts of the European construction sector,
particularly in regions like Scandinavia with its strong affinity
for timber construction, but also in the Baltic States and in
Central Europe. Consequently, to establish the TS3 technology
internationally and thus create a top-quality, climate-neutral
substitute for reinforced concrete slabs, it is imperative to
understand the effects of low curing temperatures (i.e. below
17 °C) on end-grain bonding and, subsequently to devise prac-
tical solutions that extend the applicability of this technology
without being limited to the summer season.

State of the art

When assessing adhesively bonded joints in timber engineer-
ing, up to nine distinct failure zones can be identified according
to Marra (1992). However, it necessitates a comprehensive
evaluation of at least three different “strengths” and their
associated failure modes: cohesive strength, adhesive strength,
and wood strength. Cohesive strength signifies the inherent
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strength of the adhesive itself and is thus a fundamental com-
ponent of adhesive bonding. Conversely, adhesive strength is
defined as the connection at the interface between the
adhesive and the wood surface to which it adheres. There are
various adhesion theories, of which mechanical interlocking
and adsorption in timber construction are probably the most
important (cf. Pizzi 1992; Gardner et al. 2015). In addition to
the natural wood properties (species, density, moisture
content, fibre direction), the adhesive strength fundamentally
relies on the condition of the wood surface, encompassing
factors such as surface roughness or cleanliness. The properties
of the adhesive, such as viscosity, also play a significant role.
Adhesive strength (Basin and Berlin, 1970) assumes a pivotal
role in guaranteeing the longevity of the bond between
timber components (Gardner et al. 2015). Wood failure as the
third failure mechanism, is inherently governed by the mechan-
ical and wood-specific attributes of the timber elements to be
joined (Dinwoodie 1975).

Butt joint bonding on the end-grain, incorporating TS3 tech-
nology, undergoes continuous development in various research
projects from 2010 onwards. Numerous academic theses,
including bachelor’s, master’s, and doctoral dissertations, have
significantly contributed to the present-day system (e.g. Scha-
walder 2013; Themessl 2018). Additionally, independent
research on butt joint bonding on the end-grain exists beyond
the scope of TS3 technology. Follrich et al. specifically investi-
gated diverse factors influencing bonding, such as grain angle
(2007), density (2008), and surface treatments (2007 and 2009).
The utilisation of one-component adhesives, coupled with a
pressure of 0.7 MPa, though represents a fundamentally distinct
bonding system compared to TS3 technology. Broker and Korte
(1994), on the other hand, explored bonding using two-com-
ponent epoxy resin adhesives, omitting pressure. The study
involved testing butt joints with joint thicknesses ranging
from 1 mm to 10 mm, representing a system that is very
similar to TS3 technology. However, investigation into curing
at low temperatures was not undertaken.

In adhesive technology, the enthalpy-supported curing
degree, denoted as a (Prime 1973; VoB and Vallée 2022), is
used to describe the curing process, often referred to as curing
kinetics, of adhesives. This curing kinetics display a significant
temperature dependency and can rely on a variation of Arrhe-
nius’ law (Laidler 1984). Initially, the degree of cure does not
provide insights into the development of the adhesive’s
strength or stiffness. The relationship between the curing
degree and these mechanical attributes has seen limited
exploration. Moussa et al. (2012) are among the researchers
who initiated preliminary investigations in this area, focusing
on the cohesive properties of two-component epoxies and not
delving into the adhesive characteristics of timber bonding.

Extensive initial investigations on the mechanical effects of
low curing temperatures on end-grain bonded timber connec-
tions were previously conducted by Lins et al. (2024). Their
research revealed that end-grain bonded timber predomi-
nantly exhibits adhesive failure. Consequently, both cohesive
and adhesive strength were examined as a function of curing
time and temperature. The study confirmed that the curing
temperature has a decisive influence on the development of
both strengths. Even though the exact strength development

curves differ between the two, it is evident that the strength
development at low temperatures takes significantly longer
than, for example, at 20 °C. Particularly with regard to the
wooden (end-grain bonded, adhesive strength) test specimens,
the ultimate strength was observed to be lower at reduced
curing temperatures. It's crucial to note that the tensile tests
were conducted on diminutive test specimens free of wood
defects, including knots. Additionally, these tests were exe-
cuted with relatively modest sample sizes. Therefore, while
they provide insight into qualitative performance, they are
not suitable for determining characteristic final strengths for
design purposes. Furthermore, investigations were carried out
by Lins and Franke (2022) to compensate for low curing temp-
eratures during the end-grain bonding of timber components
with the aid of milled heating wires. Numerical simulations
and experimental validations were used to determine the
temperature profile in the casting resin joint in order to be
able to adjust the heating wire sensibly according to the
boundary conditions at the construction site (temperature,
geometry, etc.) so that the required curing temperature can
be guaranteed despite low ambient temperatures.

Beyond that, while no publications specifically address the
consequences of low curing temperatures on end-grain
bonding of timber components, there is existing research on
low temperature curing of bonded-in threaded rods. For
instance, studies by Kohl et al. (2017), Ratsch et al. (2022), and
VoB3 et al. (2023) have explored methods such as resistive
heating and inductive heating. However, it is worth noting
that the latter publications do not delve into the implications
of low temperatures on the bonding strength, particularly in
the context of end-grain bonding. Instead, they primarily
focus on methods to achieve the required temperatures tem-
porarily and in a localised manner. It is also essential to recog-
nise that these measures may have limited practical feasibility
for on-site applications of end-grain bonding in construction.

Scope of this article

This study seeks to determine the curing characteristics of the
end-grain bonding of timber components, specifically focusing
on the impact of low curing temperatures on the tensile
strength. Furthermore, it is examined whether casting with
heated casting resin, as a compensatory measure for low
curing temperatures, yields positive effects. The investigated
variants are being carried out extensively to provide statistically
robust design-relevant characteristic tensile strength values. In
conjunction with other temperature-related design specifica-
tions identified in this article, the objective is to facilitate the
integration of TS3 technology, including low-temperature
design, into quality-assuring design standards, such as EN
14080 (2013) for universal finger joints, as soon as possible.

Material and methods
Experimental programme

The experimental programme envisioned curing test
specimens at various (low) temperatures (20 °C; 5 °C; 0 °C; see
Table 1) to determine the curing characteristics of end-grain



Table 1. Overview climatic conditions per series.

Curing Wood Casting Resin
Temperature  Temperature Temperature at Relative
Series Name (°Q) (°Q) Injection (°C) Humidity (%)
20 °C wGH 20 20 35 65
20 °C 20 20 20 65
5°C wGH 5 5 35 64
0 °C wGH 0 0 35 64
0°C 0 0 20 64

bonded timber components under such conditions. It was
ensured that the wood itself was also already at the appropriate
low temperature when it was poured, in order to reflect con-
struction site practice as closely as possible. Furthermore,
casting resin with different temperatures (20 and 35 °C; see
Table 1) was used for the bonding. The 20 °C warm casting
resin represents the “normal case”, whereas the 35 °C warm
casting resin (=wGH) was tested as a compensation measure
for low curing temperatures. Subsequently, at least 16 tensile
tests were carried out for each series on the (1st) / 2nd / 3rd
/ 4th / 7th / 10th and 15th day after casting (see Table 2) to
determine the corresponding tensile strength.

To offer a comprehensive overview of the experiments pre-
viously discussed, the following tables provide a detailed
breakdown of the climatic and other boundary conditions of
the experimental programme.

Table 2. Boundary conditions of all series.

Strength Class T14/ C24

Density 420 kg/m?> + 25 kg/m?

Target Moisture Content 12 M %

Tested Cross-Section 38 mm x 120 mm

Length 800 mm

Adhesive Layer Thickness 4 mm

Quantity 16 test specimens per test day and series

Test Setup Uniaxial tensile tests according to EN 408 + A1 (2012)
in conjunction with EN 14080, Annex E2 (2013)

Test Speed 0.015 mm/s

Test Days (1); 2; 3; 4, 7; 10; 15

Materials

In the study, all timber specimens were constructed using
spruce timber (Picea abies) belonging to the strength class
T14 / C24 in compliance with EN 338 (2016). In order to
isolate the impact of temperature, every other potential
factor affecting tensile strength was minimised to the greatest
extent possible. This encompassed maintaining a well-defined
density of 420 kg/m* with minimal variation, not exceeding
+25 kg/m?®. Additionally, a wood moisture content of 12%
was the target for all test series. This was accomplished by
adjusting relative humidity in accordance with the respective
temperature conditions to achieve a wood moisture equili-
brium of 12%, as per the methodology established by Key-
Iwerth and Noack (1964). Although the presence of wood
defects, especially knots in the casting surface, has a significant
influence on the tensile strength of end-grain bonded test
specimens, knots were not initially excluded in order to be
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able to generate design-relevant absolute tensile strength
values. However, for subsequent evaluation of the knot
influence, the knot percentages were systematically recorded
after the tensile tests.

The adhesive employed was a two-component poly-
urethane, specifically the proprietary casting resin “TS3 PTS
CR192" developed by TS3 for the purpose of bonding timber
components at the end-grain. This adhesive is produced
without the incorporation of solvents or formaldehyde.

Test specimen and production

In the preparation of the end-grain bonded timber joints,
initially, glued laminated timber (GLT) elements were fashioned
from 18 board lamellae (43 mm x 132 mm) each, with a length
of 800 mm (cf. Figure 1). This process yielded structural glulam
blocks characterised by a uniform alignment of annual rings.
Subsequently, these elements were cut once more in the
middle of their length. The bonding surfaces were pre-
treated with a more viscous variant of the adhesive utilised
for the bonding process. After the pre-treatment was allowed
to dry for one day at 20 °C and 65% r. h., the halved blocks
were exposed to the subsequent (cold) climate in a climate
chamber for the next two days until casting. Afterwards, they
were conjoined at room temperature with a 4 mm adhesive
layer. In this process, care was taken to ensure that always
different origin glulam elements were bonded together. The
casting process was performed on lying GLT blocks and
entailed injection through an injection hole positioned at the
centre of the outer lamella (relative to its width). Starting
from the injection hole, the individual lamellae were numbered
chronologically so that their position in relation to the injection
hole could be traced later (see Figure 1 and Figure 2). Immedi-
ately after casting, during which the test specimens were
exposed to room temperature for about 30 minutes, they
were again exposed to the appropriate climate in the climate
chamber until they were tested.

For the tensile tests, one end-grain bonded glulam
block per test day was removed from the climate chamber
and cut apart along the GLT glue joints. The resulting test speci-
mens were then also trimmed on the narrow sides (approx.
6 mm per side, see Figure 1). The outer lamellae of the block
(= cover lamellae) were not tested, resulting in 16 test speci-
mens each with a cross-section of 38 mm x 120 mm (see
Figure 3).

The complexity of the test specimen production process
arose from the need to eliminate potential edge-related influ-
ences, including the formation of surface bubbles or incom-
plete casting. Although these factors are usually of little
consequence in larger components, they can lead to a signifi-
cant influence on tensile strength in smaller specimens.

Uniaxial tensile tests

The tests were performed in a horizontal tensile testing
machine. This is assigned to class 1 of the machine range
according to EN ISO 7500-1 (2018) (including a maximum rela-
tive error of £ 1% of the force-measuring system).
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Figure 1. Views & top view of the end-grain bonded glulam element incl. cutting plan (black lines = cutting lines); all dimensions in (mm).

Figure 2. End—grain bonded glulam element: circle = injection hole; upper rec-
tangle = casting resin joint; lower rectangle = numbering of the lamellae.

The test setup of the uniaxial tensile tests was based on EN
408 + A1 (2012) in conjunction with EN 14080, Annex E2 (2013).
The test specimens had a free length of about 200 mm per side

(= 400 mm >9 x width, see Figures 4 and 5). During the
execution, the temperature was between 17 and 29 °C and
the relative humidity between 35% and 65%. The tests were
conducted displacement-controlled with a test speed of
0.015 mm/s.

The tensile strengths f;, were calculated according to EN
408 + A1 (2012) using the following equation (1):

Fmax
(M

fro =
Ajoint

Results
Impact of the distance to injection hole and curing time

Firstly, it is noteworthy that the examined specimens predomi-
nantly failed at the adhesive-timber interface (adhesive failure
mode, see Figure 6). To assess the effects of curing time and
the tested lamella’s distance from the injection hole, herein-
after simplified referred to as distance, on the tensile strength,
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Figure 3. Pre—cut test specimen.
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Figure 4. Schematic structure tensile test; all dimensions in (mm).

Figure 5. Test specimen in the tensile testing machine.

only those test specimens that show no knots on the fracture
surface are initially being analysed. When coupled with the
homogenisation methods outlined in Material and methods,
these influences can be considered as isolated to the greatest
extent possible.

The three-dimensional plots in Figure 7 depict the tensile
strength in relation to both the distance and curing time. The
individual values have been connected by a smoothed and
coloured surface to make the dependencies easier to see. At
a curing temperature of 20 °C, whether employing warm
(35 °C) or normal (20 °C) casting resin, no substantial impact
of curing time or distance is observed (see Figure 7 a) and
b)). However, at lower curing temperatures, there is a visible
influence of both curing time and distance. The tensile strength
exhibits an increase with prolonged curing time and a decrease
with greater distance. Notably, no perceptible systematic vari-
ation within the individual series is evident in the impact of dis-
tance on tensile strength concerning time, or conversely, in the
influence of time in relation to distance (see Figure 7 ¢), d) and

Figure 6. Representative adhesive failure mode.

e)). In simple terms, there is no systematic relationship between
curing time and distance.

Hence, in the context of the tensile strength plotted against
the time-averaged distance (including standard deviation), as
depicted in Figure 8, no significant data is lost, but it is poss-
ible to analyse the influence of distance in much finer detail.
This further emphasises that, at a curing temperature of
20 °C, the distance to the injection hole shows no influence
on tensile strength, as indicated by the continuous line repre-
senting the overall average value of each series (refer to Figure
8 a)). Nonetheless, at lower curing temperatures, this influence
becomes distinctly obvious and can be suitably represented
by third-degree polynomial functions for each of the three
test series. The selection of this type of function is based on
two key criteria. Firstly, it correlates to a high degree with
the empirical data (e.g. R? for the 0 °C series = 0.95), and sec-
ondly, it forms a basis for the subsequent measures by
defining inflection points. Overall, it is apparent that both a
lower curing temperature and a reduced casting resin temp-
erature increase the negative impact of the distance (see
Figure 8 b)).
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Figure 7. Tensile Strength vs. Distance to Injection Hole vs. Curing Time incl. smoothing: 20 °C wGH series (a); 20 °C series (b); 5 °C wGH series (c); 0 °C wGH series (d);
0 °C series (e).

As a straightforward means to restrict the adverse influence  the maximum segment length in relation to the curing and
of the distance, it is evident that reducing the segment lengths  casting resin temperature is now established. As previously
presents a rational approach. Consequently, a specification for indicated, the inflection points of the polynomial functions
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Figure 8. Tensile Strength vs. Distance to Injection Hole incl. standard deviation and trendlines: 20 °C wGH & 20 °C series (a); 5 °C wGH, 0 °C wGH & 0 °C series (b); red

markings = inflection points.

are selected for this purpose, as illustrated by the red markings
in Figure 8 b). Thus, Figure 9 only takes those test specimens
originating from the area between the injection hole and the
respective inflection point of the polynomial function (5 °C
WGH =~ 55 cm; 0 °C wGH =~ 45 cm; 0 °C ~ 40 cm) into consider-
ation. It graphically illustrates the mean values of tensile
strength obtained this way, complete with standard deviation,
in relation to curing time. Additionally, the data points are mod-
elled utilising an exponential function to replicate the observed
patterns. This function posits that each dataset, corresponding
to a specific test series, converges towards a final value (o) in
accordance with an exponential growth function as defined by
equation (2). In this context, the term ‘t;" signifies a character-
istic time constant at which about 63% of the final strength is
attained. Observations reveal that curing at a temperature of
20 °C, regardless of the casting resin temperature, progresses
rapidly, with the attainment of final strength occurring in
approximately one day. Moreover, it can be affirmed that,
under identical casting resin temperature conditions, curing
decelerates as curing temperature decreases, concurrently
leading to a lower final strength. Additionally, the curing rate
exhibits a slight reduction at the same curing temperature
when casting resin temperature is increased, but this leads to
a higher final strength.

e*t/ﬁ ]

)

olt) = 0[1 —

Empirical final strengths

For the assessment of the final strengths, only the lamellae situ-
ated within the previously defined limit distances (cf. Figure 8)
are considered. Beyond that, the time at which ~ 99% of o, is
reached is calculated for each test series according to equation
(2). Following this, only lamellae that underwent testing from
this point onwards (20 °C wGH & 20 °C=day 1; 5 °C wGH &
0 °C=day 7; 0 °C wGH =day 10) are employed in the evalu-
ation. Conversely, the corresponding test specimens exhibiting
knots in the fracture surface, which were previously excluded,

are now incorporated. Since no other test specimens, such as
outliers, are excluded, relevant tensile strength values for
design purposes can be provided. The values determined
through this method are displayed in Figure 10, categorised
by test series, depicted as traditional boxplots including all indi-
vidual data points. Additionally, mean values are presented as
numerical figures alongside the boxes. The boxplots provide
clear evidence, consistent with the findings in Figure 9, that
decreased curing temperatures at the same casting resin temp-
erature result in significantly lower mean final strength values
(significance proven using individual t-tests or Welch's t-tests
to account for heteroscedasticity). Roughly 20% strength
reduction is observed between 20 and 0 °C curing temperature,
regardless of the casting resin temperature. Similarly, under
identical curing temperature conditions, higher average final
strengths are achieved with a greater casting resin tempera-
ture. This increase amounts to approximately 20% at both 0
and 20 °C curing temperature and it is also statistically signifi-
cant. In addition to the findings related to strength, it is
worth noting that the scatter of the individual test series exhi-
bits some differences. However, no discernible systematic cor-
relation between curing or casting resin temperature and this
variability is evident. Notably, the 0 °C wGH series stands out,
displaying a relatively low coefficient of variation (COV) at
13%, as indicated in Table 3.

Characteristic strengths according to EN 14358 (2016)

Determination of distribution and characteristic values

When calculating the characteristic tensile strength values (5%
quantiles) in accordance with EN 14358 (2016), the initial step
involves determining the distribution functions. For this
purpose, the empirical final tensile strengths, as elaborated
before, are tested individually for each test series, considering
both the normal and the lognormal distribution, since the stan-
dard distinguishes between these two distributions. An
effective tool for determining the distribution function is the
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Table 3. Determined values according to EN 14358 (2016) for normal distribution.

Series Mean Value Standard Deviation cov 5% Quantile
Name (MPa) (MPa) (%) (MPa)

20 °C wGH 15.69 3.43 22 9.58

20 °C 12.68 2.79 22 7.71

5 °C wGH 14.36 3.80 26 7.51

0 °C wGH 12.09 1.54 13 9.26
0°C 10.15 3.05 30 458

utilisation of QQ-plots (refer to Figures 11 and 12). These plots
involve a comparison between theoretical quantiles and actual
quantiles, with the agreement being subsequently evaluated.
Within the diagrams, the black line denotes the ideal normal
or lognormal distribution, while the light blue area represents
the 95% confidence interval (Cl) for the respective distribution.
The examination for normal distribution (Figure 11) shows that
the data points largely conform to a normal distribution. The
majority of values are falling within the 95% ClI with only a

few exceptions noted within the 20 °C and 5 °C wGH series. Con-
versely, when assessing the lognormal distribution (Figure 12),
there is a systematic deviation from the linear trend, indicating
that the data does not conform to this distribution. Notably, a
substantial portion of the data points falls outside the confi-
dence interval in this scenario. Consequently, it is assumed
that the tensile strength of the TS3 connection conforms to a
normal distribution. The Kolmogorov-Smirnov test verifies this
at a 5% significance level for all test series. Thus, the character-
istic values displayed in Table 3 are calculated in accordance
with EN 14358 (2016) for normally distributed data.

Analysis in relation to curing and casting resin
temperature

The characteristic values of the final tensile strength, as pre-
viously presented in Table 3, are graphically represented in
Figure 13. In this figure, these values are plotted against the
curing temperature as asterisks. Distinct colours are used to
differentiate between the two casting resin temperatures
(35 °C=red; 20 °C=blue). Furthermore, the idealised normal
distributions resulting from the empirical mean values and
standard deviations are displayed. Alongside the values deter-
mined in this study, the characteristic tensile strength value
established as part of the approval process is also depicted.
This value is represented as a green dashed line in the graph
and was determined by MPA University of Stuttgart (see
Gutachterliche Stellungnahme (2022)) for board lamellae with
similar dimensions. Since the approval process did not
include an investigation of low curing temperatures, this
value in the design is exclusively applicable for curing tempera-
tures of at least 17 °C. Nevertheless, it serves as a benchmark
value for lower curing temperature scenarios in this context.

Consistent with the empirical data, which have been predo-
minantly analysed concerning mean values in Empirical final
strengths, a fundamental principle can be deduced. Higher
casting resin temperatures, under identical curing conditions,
result in significantly increased characteristic tensile strengths
within the examined range. Additionally, a curing temperature
of 0 °C results in approximately a 40% reduction in character-
istic strengths when compared to a curing temperature of
20 °C, assuming a casting resin temperature of 20 °C.
However, in contrast to the mean value level, this relationship
is not consistently observed when the casting resin tempera-
ture is set at 35 °C. In this scenario, the characteristic strength
at a curing temperature of 0 °C nearly matches that at 20 °C
and surpasses the strength at 5 °C curing temperature. This
outcome is primarily attributed to the comparatively low stat-
istical dispersion observed in the 0 °C wGH series.

When comparing with the approval data, it is noteworthy
that this study’s 20 °C series underwent testing under compar-
able environmental conditions as those utilised during the
approval process. Furthermore, also the 5% quantile derived
from this study aligns closely with that observed in the
approval data, enhancing the overall credibility of the results.
In comparison, the 0 °C series displays a significantly lower
strength. Conversely, the series with a casting resin tempera-
ture of 35 °C either exhibit higher (0 °C wGH and 20 °C wGH
series) or nearly identical (5 °C wGH series) strengths compared
to the benchmark series.
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Figure 11. QQ-plots: Test for normal distribution for all series.

Discussion

The observed impact of the distance of the tested lamellae
from the injection hole appears highly plausible. The farther a
lamella is from the injection hole, the longer the casting
resin, which is warmer than the wood, must flow to reach it.
It passes the cold wood and continues to cool down. Accord-
ingly, the achieved tensile strength also decreases with increas-
ing distance. In the test specimens examined in this study, the
injection hole was located in the outer lamella of a glulam
element, whereas in practice, it is typically positioned in the
middle of a CLT segment. Therefore, it is assumed that the
maximum distances determined here can be applied in both
directions from the injection hole when used on construction
sites, doubling the potential segment lengths. It is also
assumed that the strengths determined are on the conservative
side, given that cooling from the lateral edges is less pro-
nounced under real conditions than in the laboratory setting.
This is due to the presence of neighbouring segments, which
act as a barrier to the cooling process in practice.

Concerning the strength development, it is plausible that
lower curing temperatures result in a slower curing process
and a reduction of the final strengths. Conversely, a higher
casting resin temperature leads to higher final strengths.
However, counter-intuitively, the development of strength

Theoretical Quantiles (MPa)

seems to be slowed down by a higher casting resin tempera-
ture, at least at low curing temperatures.

Also counter-intuitive is the fact that the tensile strength
of the TS3 joint follows a normal distribution, whereas the
tensile strength of strength-graded timber is usually log-nor-
mally distributed. However, this is primarily attributed to the
sorting process, wherein strength-reducing wood character-
istics such as knots are sorted out based on the targeted
strength class. Conversely, the highest strengths are not
limited by grading, resulting in a lognormal distribution.
Although the lamellae used in this study underwent the
same sorting (with additional sorting based on density), this
distribution of strength is not mirrored in the TS3 joint. The
reason for this discrepancy is that the tensile strength of
wood in its pure form is notably higher than that of the
TS3 joint as it fails in the adhesive-timber interface. Conse-
quently, its strength distribution essentially relies on the fre-
quency of wood defects in this interface. Nevertheless, the
local distribution of wood features in the test specimen is
normally distributed and does not impact the pure wood
tensile strength distribution due to the constant stress distri-
bution. It is also conceivable that the strength distribution of
the TS3 joint results from the raw density distribution of the
wood, which is also normally distributed.
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In comparison to the other series, the 0 °C wGH series exhi-

bits a markedly low standard deviation, whereas the 5 °C wGH
series displays a comparatively high deviation. Therefore, con-
trary to expectations, the corresponding characteristic
strengths at a curing temperature of 5 °C are observed to be
lower than at 0 °C. The different distributions can be attribu-
ted, at least in part, to the slightly varying percentages of

Theoretical Quantiles (MPa)

knots in the individual series. The proportion of test specimens
exhibiting knots is highest in the 5 °C wGH series and lowest in
the 0 °C wGH series. However, the total percentage of knots is
less than 2.5% in all series, indicating that the impact is rela-
tively limited. This is also confirmed by the observation that
when the final strengths are analysed without knots, the 5%
quantiles of the 0 °C wGH and 5 °C wGH series remain approxi-
mately at the level of the 20 °C series and the positive
influence of a higher casting resin temperature is still statisti-
cally significant.

In general, the temperature-dependent viscosity of the
casting resin, increasing with decreasing temperature, is con-
sidered a possible reason for the final strengths depending
on the casting resin and curing temperature, both at empirical
and characteristic levels. The hypothesis posits that a higher
viscosity results in inferior wetting between the casting resin
and the pre-treatment, consequently leading to lower tensile
strengths. Conversely, the influence of the pure casting
resin’s curing characteristics, as investigated by Lins et al.
(2024), is not considered to be decisive, as the cohesive
tensile strength of the casting resin is higher than that of the
TS3 connection for identical curing times and temperatures.
This is also reflected in the observation that adhesive failure
was the predominant failure mode. Moreover, the relationship
between temperature and strength is not presumed to be
linear, even if the linear connection of the points in Figure 13
might suggest this.



Conclusion and outlook

The extensive tests in the study outlined above, focusing on the
impact of low curing temperatures on the tensile strength of
end-grain bonded timber components, yield far-reaching impli-
cations for future on-site bonding using TS3 technology. Firstly,
the observations made by Lins et al. (2024) are corroborated,
indicating that the curing process for TS3 bonding is length-
ened at lower temperatures. Furthermore, even with an
extended curing period, the tensile strength at low tempera-
tures (while maintaining the same casting resin temperature)
generally remains lower than at e.g. 20 °C. Nevertheless,
straightforward yet effective measures have been devised to
counteract the effects of low curing temperatures.

These measures involve restricting segment lengths (i.e. the
chamber sizes cast on-site) and warming up the casting resin to
35 °C before casting. Additionally, the curing times required to
achieve the final strengths were determined as a function of
the curing and casting resin temperature. The extensive
testing enables the provision of robust and reliable character-
istic tensile strengths for design purposes. These values vali-
date that casting can be conducted at low ambient
temperatures down to 0 °C without a loss of characteristic
tensile strength compared to approval tests if the described
measures are followed. This is particularly true given that the
characteristic tensile strengths specified in the final approval
are approximately 25% lower than the benchmark values
used to compare this study, providing a good level of safety.

These measures are already being implemented on construc-
tion sites in Switzerland, and their efficacy has been validated
through quality assurance tests on specimens from the sites.
Moreover, the results are intended to be incorporated into an
extension of the approval for TS3 technology. In further research
activities, the failure mechanism in relation to curing and casting
resin temperature will be profoundly analysed. Microscopic ana-
lyses will determine the precise interface of fracture occurrence
and ascertain whether there are temperature-related differ-
ences. Additionally, other variables that may affect the tensile
strength of the TS3 joint are being investigated, including the
viscosity of the casting resin, to achieve further improvements
and increase the load-bearing capacity of the TS3 joint.

Acknowledgement

The project embodies a collaborative endeavour among Timber Structures
3.0 AG, Schilliger Holz AG, Henkel & Cie. AG, ETH Zdrich, and Bern University
of Applied Sciences. The authors convey their genuine gratitude for the
robust collaboration with the project partners. Furthermore, the authors
would like to extend their thanks to Innosuisse for the substantial
funding support provided for this ongoing project [Application Number:
50393.1 IP-ENG].

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by Innosuisse - Schweizerische Agentur fir
Innovationsforderung.

WOOD MATERIAL SCIENCE & ENGINEERING . 1

ORCID

Dio Lins (2 http://orcid.org/0009-0003-2524-9646
Steffen Franke (2 http://orcid.org/0000-0003-2430-8491

References

Basin, V.E., and Berlin, A.A., 1970. Adhesive strength. Polymer Mechanics,
266-271. doi:10.1007/BF00859200.

Broker, F.W., and Korte, K., 1994. Festigkeiten von Hirnholzverbindungen
mit dicken Epoxidharzfugen [Strengths of end-grain connections with
thick epoxy resin joints]. Holz als Roh- und Werkstoff, 52, 287-292.

Dinwoodie, J.M., 1975. Timber - a review of the structure-mechanical prop-
erty relationship. Journal of Microscopy, 3-32. doi:10.1111/j.1365-2818.
1975.tb04002 x.

EN 408 + A1, 2012. Timber structures — structural timber and glued laminated
timber - determination of some physical and mechanical properties.
European Committee for Standardization (CEN).

EN 14080, 2013. Timber structures — glued laminated timber and glued
solid timber - requirements. European Committee for Standardization
(CEN).

EN 338, 2016. Structural timber - strength classes. European Committee for
Standardization (CEN).

EN 14358, 2016. Timber structures — calculation and verification of character-
istic values. European Committee for Standardization (CEN).

EN ISO 7500-1, 2018. Metallic materials - calibration and verification of static
uniaxial testing machines — part 1: tension/compression testing machines -
calibration and verification of the force-measuring system (ISO 7500-
1:2018). European Committee for Standardization (CEN).

Follrich, J., et al., 2007. Tensile strength of softwood butt end joints. Part 1:
Effect of grain angle on adhesive bond strength. Wood Material Science
and Engineering, 83-89. doi:10.1080/17480270701841043.

Follrich, J., et al., 2007. Tensile strength of softwood butt end joints. Part 2:
improvement of bond strength by a hydroxymethylated resorcinol
primer. Wood Material Science and Engineering, 90-95. doi:10.1080/
17480270701850473.

Follrich, J., et al., 2008. Adhesive bond strength of end grain joints in soft-
wood with varying density. Holzforschung, 237-242. doi:10.1515/HF.
2008.043.

Follrich, J., et al., 2009. Comparison of the effect of chemical and mechanical
treatment of end-grain surfaces on adhesive bond strength. Wood
Material ~ Science  and  Engineering, ~ 98-104.  doi:10.1080/
17480270903288373.

Gardner, D.J., et al, 2015. Adhesion theories in wood adhesive bonding.
Progress in  Adhesion and Adhesives, 125-168. doi:10.1002/
9781119162346.ch5.

Gutachterliche Stellungnahme, Berichts-Nr.: 903 4400 000 / 29_2, 2022.
Allgemeine bauaufsichtliche Zulassung der TS3-Brettsperrholz-Verklebung
(TS3-PTS) der Firma Timber Structures 3.0 AG [General building authority
approval of the TS3 cross-laminated timber bonding (TS3-PTS) from
Timber Structures 3.0 AG] (confidential). Materialprifungsanstalt
Universitat Stuttgart.

Keylwerth, R., and Noack, D., 1964. Die Kammertrocknung von Schnittholz
[The chamber drying of sawn timber]. Holz als Roh- und Werkstoff, 22,
29-36. doi:10.1007/BF02627726.

Kohl, D. et al, 2017. Manufacturing gluing-in-rods under low
temperatures and with shorter process times using induction and resis-
tive heating. Welding in the World, 575-580. doi:10.1007/s40194-017-
0432-2.

Laidler, K.J., 1984. The development of the Arrhenius equation. Journal of
Chemical Education, 494-498. doi:10.1021/ed061p494.

Lins, D., et al., 2024. Low-temperature adhesive curing in timber engineer-
ing: about the relationship between curing kinetics and mechanical
properties. International Journal of Adhesion and Adhesives, doi:10.
1016/j.ijadhadh.2024.103815.

Lins, D., and Franke, S., 2022. Simulation of the temperature distribution in
glued butt-joint timber connections. World Congress on Computational
Mechanics, doi:10.23967/wccm-apcom.2022.104.

Marra, A.A., 1992. Technology of wood bonding: principles and practice. New
York: Van Nostrand Reinhold, 454.


http://orcid.org/0009-0003-2524-9646
http://orcid.org/0000-0003-2430-8491
https://doi.org/10.1007/BF00859200
https://doi.org/10.1111/j.1365-2818.1975.tb04002.x
https://doi.org/10.1111/j.1365-2818.1975.tb04002.x
https://doi.org/10.1080/17480270701841043
https://doi.org/10.1080/17480270701850473
https://doi.org/10.1080/17480270701850473
https://doi.org/10.1515/HF.2008.043
https://doi.org/10.1515/HF.2008.043
https://doi.org/10.1080/17480270903288373
https://doi.org/10.1080/17480270903288373
https://doi.org/10.1002/9781119162346.ch5
https://doi.org/10.1002/9781119162346.ch5
https://doi.org/10.1007/BF02627726
https://doi.org/10.1007/s40194-017-0432-2
https://doi.org/10.1007/s40194-017-0432-2
https://doi.org/10.1021/ed061p494
https://doi.org/10.1016/j.ijadhadh.2024.103815
https://doi.org/10.1016/j.ijadhadh.2024.103815
https://doi.org/10.23967/wccm-apcom.2022.104

12 (&) D.LINSAND S. FRANKE

Moussa, O., et al, 2012. Early-age tensile properties of structural epoxy
adhesives subjected to low-temperature curing. International Journal
of Adhesion and Adhesives, 9-16. doi:10.1016/j.ijadhadh.2012.01.023.

Pizzi, A., 1992. A brief, non-mathematical review of adhesion theories as
regards their applicability to wood. Holzforschung und Holzverwertung,
44, 6-11.

Prime, R.B., 1973. Differential scanning calorimetry of the epoxy cure reac-
tion. Polymer Engineering and Science, 365-371. doi:10.1002/pen.
760130508.

Ratsch, N., et al., 2022. Accelerated curing of glued-in threaded rods by
means of inductive heating - part IV: curing under low temperatures.
The Journal of Adhesion, 105-130. doi:10.1080/00218464.2020.1818562.

Schawalder, A., 2013. Untersuchungen zu baustellentauglichen Verbindungen
mittels Hirnholzverklebungen im Holzbau [Investigations into construction
site-suitable connections using end-grain bonding in timber construction].
Bachelor Thesis. Bern University of Applied Sciences.

Themessl, A. 2018. Evaluation zweier Klebstoffsysteme hinsichtlich
Zugfestigkeit und Anwendbarkeit bei stumpfer stirnseitiger Verklebung

von Fichtenholz [Evaluation of two adhesive systems with regard to
tensile strength and applicability for butt end-grain bonding of spruce
timber]. Master Thesis. Bern University of Applied Sciences.

VoB3, M., Evers, T., and Vallée, T., 2023. Low-temperature curing of adhesives
- large-scale experiments. The Journal of Adhesion, 817-852. doi:10.
1080/00218464.2022.2059353.

Vof3, M., and Vallée, T., 2022. Effects of curie particle induced accelerated
curing on thermo mechanical performance of 2K structural adhesives
- Part I: Bulk properties. The Journal of Adhesion, 1298-1339. doi:10.
1080/00218464.2021.1909482.

Z-9.1-896, 2020. 2K-PUR Klebstoff Loctite CR 821 Purbond zum Einkleben von
Stahlistdben in tragende Holzbauteile [2C-PUR adhesive Loctite CR 821
Purbond for gluing steel rods into load-bearing timber components].
Berlin: Deutsches Institut fur Bautechnik (DIBt).

7-9.1-917, 2024. Tragend verklebte Brettsperrholzelemente “TS3-PTS-
Elemente” fiir Decken- und Dachkonstruktionen [Load-bearing glued
cross-laminated timber elements “TS3-PTS elements” for floor and roof
structures]. Berlin: Deutsches Institut fir Bautechnik (DIBt).


https://doi.org/10.1016/j.ijadhadh.2012.01.023
https://doi.org/10.1002/pen.760130508
https://doi.org/10.1002/pen.760130508
https://doi.org/10.1080/00218464.2020.1818562
https://doi.org/10.1080/00218464.2022.2059353
https://doi.org/10.1080/00218464.2022.2059353
https://doi.org/10.1080/00218464.2021.1909482
https://doi.org/10.1080/00218464.2021.1909482

