This document is a postprint of the following published document:
https://doi.org/10.1016/j.ijjadhadh.2017.12.010

International Journal of Adhesion and Adhesives 82 (2018) 27-35

Creative Commons License Attribution-NonCommercial-NoDerivaties 4.0 (CC BY-NC-ND 4.0)

Joints with bars glued-in softwood laminated timber
subjected to climatic cycles

D. Otero-Chans?, J. Estévez-Cimadevila?, E. Martin-Gutiérrez!

(1) University of A Corufia, Department of Architectural, Civil and Aeronautical Building Structures,
Campus A Zapateira, 15071, A Coruna, Spain.

Corresponding author: marilo@udc.es (Dolores Otero-Chans)
ORCID:https://orcid.org/0000-0003-1738-252X (Dolores Otero-Chans)

https://orcid.org/0000-0002-8460-2097 (Javier Estévez-Cimadevila)
https://orcid.org/0000-0001-7464-4288 (Emilio Martin-Gutiérrez)

ABSTRACT: The effect of climatic cycles (extreme temperatures and humidity) on the
performance of joints made with threaded steel rods glued by two-component epoxy adhesive
in softwood glulam timber is studied. Short-term tests have been made on three types of
specimens: standard condition specimens (20 °C/65%RH), specimens subjected to extreme
temperature and humidity during its storage in climatic chamber in service load situation,
and specimens in similar unloaded situation. The load capacity, the failure modes and the
load-deflection curves have been compared for the different types of specimens. The obtained
results do not show a clear influence of the previous exposition to extreme climatic situations
in the strength of the joint. On the contrary, the stiffness of the joints, especially those with
longer anchorage length, has been reduced up to 35% in the specimens that were previously
subjected to climatic changes, both unloaded and in load service situation.
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1. Introduction

Joints made with bars or plates glued in timber have been used in Europe for the last
50 years, both for the rehabilitation or the reinforcement of existent structures and
for the design of joints in new construction works. Glued-in rods exhibit great
efficiency, high strength and stiffness with a ductile failure and the aesthetical and
fire behaviour benefits derived from its hidden design inside the wooden pieces.
Numerous studies to characterize the load capacity of these joints focused on
evaluating the load capacity of a simple element according to the different parameters
that define the joint: anchorage length, rod diameter, adhesive thickness, orientation
of the joint with regard to the grain, etc. [1,2]. A smaller proportion of the studies has
evaluated the behaviour of bar groups, mainly oriented to the analysis of the
incidence of the separation between them [3,4], or their behaviour when they are
used in rigid joints of frames [5].

Most of the existing literature has focused on the analysis of the behavior of joints
made on softwood glulam timber in short-length tests [1,2], while the studies which
have evaluated the behavior of rods glued in hardwood timber remain limited [6-13].

The influence of the anchorage length on the load-bearing capacity of the joint has
been widely studied. Studies have proved that, in standard environmental conditions,
the resistant capacity of the joint increases when the gluing area increases as well,
both by an increase of the hole diameter or the increase of the anchorage length.
However, the relation between the gluing area and the resistant capacity is not linear,
so it is strongly influenced by the slenderness of the joint [2,14-18]. Literature agrees
that the gluing area defines the resistance of the joint but there is still no final
agreement regarding the quantification of that influence [2,19]. This becomes clear in
the lack of a common European legislation that includes a clear regulation about the
use and dimensioning of this kind of joints, in spite of the fact that numerous
dimensioning formulas of experimental [2,15,16,18] or analytical basis [7,20-22] have
been postulated. Although since the 9os several proposals of design rules for
implementation in EC5 have been made, only a few European countries have a
calculation model in their national standards, highlighting the one proposed by the
German DIN rule as the most used design method [1,19].

The behaviour of these joints in non-standardized environmental conditions has been
a concern since the earliest studies. This concern is related both with the well-known
sensibility of the adhesives’ behaviour to extreme temperatures and with the fact that
the strength and stiffness of wood is strongly conditioned by the moisture content.
Additionally, the effect of the load duration and the creep of the wood, is also
conditioned by the moisture content. Wood, as a hygroscopic material, modifies its
moisture content as a function of the temperature and relative humidity of the air,
and it is well known that as the moisture content of the wood increases, its strength
decreases and its creep increases. This behaviour is considered in the standard design
criteria through the use of the well-known modification factor for duration of load
and moisture content (kmoa) and the deformation factor (keer) [23]. The problem is
complex and is additionally conditioned by the anisotropic character of the wood,
according to which the intensity of the effect varies depending on the orientation of
the effort in relation to the grain direction [24]. Many authors keep studying this
complicated mechanical-supportive phenomenon of wood creeping, which does not
have a precise model established yet, but there are some common conclusions, like
the fact that creep is increased with the load duration and with the moisture content
of wood. [25-29].
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Currently, the Eurocode standard limits the use of glued joints in timber to service
classes 1 and 2 (moisture content in timber not exceeding 20%), regarding the
problems in the glue/timber interface that can be derived from the movements
generated by swelling and shrinkage [2].

The effect of load duration has also been studied in joints with glued-in rods. Existing
studies seem to indicate that joints with glued-in rods subjected to long-term loads,
compared to short-term loads, show a reduction of strength of similar magnitude to
the one that would affect the wooden elements in the same situation [5,14,30].This is
due to the fact that neither the bar nor the adhesive are affected by this factor. On the
contrary, very different creep behaviours have been found when comparing different
adhesives [21,31]. Verdet et al. [31] performed creep tests in a walk-in environmental
chamber. Joints with epoxy adhesive demonstrated better behaviour than the ones
with polyurethane. For epoxy specimens, they found that the residual strength of
specimens after 30 days of creep loading at 70% stress level was not affected. In
specimens with visible cracking, after being subjected to drying from 18% to 10%,
strength reduced by 22% and stiffness reduced by 17%. They conclude creep
behaviour is governed by temperature, but moisture content variations can generate
damage in the connection as well.

Variations of air humidity and temperature can also affect the behaviour of the
adhesive, although the obtained results have been different according to the type of
adhesive that has been used, among other factors [30,32]. Most of the literature
agrees that the behaviour of the joint is highly conditioned by the temperature, but
some studies have concluded that the strength of the joints is not significantly
affected by temperature variation, while the increase of humidity can generate a drop
in the stiffness of joints [6]. Tests carried out with epoxy and polyurethane adhesives
found a significant loss of strength for temperatures between 40-50°C, and an almost
negligible strength for temperatures beyond 100°C [8,20,30.33]. Di Maria et al [34]
carried out tests using two different two-component epoxy resins. Specimens was
loaded (up to 50% of the average failure load of reference specimens) during the
heating process in an electric oven. Temperature was raised up to 150°C and
maintained until specimens failed. They found a significant decrease of the bond
strength (around 50%) respect to the reference specimens. Additionally, a
“crumbling effect” was visible in the glueline of climatic specimens, showing a
cohesive failure of the adhesive due to the increase of temperature combined with the
application of a tension load.

This question becomes a very important aspect in the design of structures for a fire
situation. In the case of joints made with glued bars, the design of the proper joint as
hidden inside the wooden piece acts as self-protective of the adhesive connection
[35]. The moisture content is also determining during the execution process of the
joints, because high moisture contents can compromise the curing of the adhesive
and its adherence to timber [36].

Cavalli et al [37] carried out test with epoxy specimens and full scale steel-timber
epoxy joints exposed to various conditions and ageing cycles, including immersion in
water (demineralized and swimming pool water), and exposure to different
temperatures and relative humidity values. They found chemical transformations in
the adhesive submersed in water for months and highlighted the caution needed for
the use of glued-in joints in timber under severe conditions.

Existing studies in this field remain limited in number and conclusions regarding the
influence of environmental conditions on the behaviour of glued-in joints are
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inconclusive, potentially influenced by the different test setups used. In some cases,
specimens are introduced in electrical ovens until high temperatures are reached
along the entire joint. Later, specimens are tested once they have reached the
standard environmental conditions, obtaining what is called the "residual strength".
In other cases, specimens are subjected to climatic cycles or are introduced in a
furnace, which produce a gradient of variable temperatures along the joint. Any of
these procedures could enhance a post-curing effect of the adhesive if specimens are
unloaded during the heating process [34.37]. More detailed and extent studies to
achieve a better knowledge of the behaviour of this type of joints in different
environmental and thermal situations are necessary.

The aim of the present study is to evaluate the incidence of the exposure to extreme
cycles of temperature and humidity of full scale joints made on glulam softwood
timber with threaded steel rods glued parallel to grain. To that end, the structural
behavior of specimens stored in standard environmental conditions on short-term
tests was compared to the structural behavior of others subjected to climatic cycles,
both in service load situation and unloaded.

2. Material and methods

2.1.Specimens
In a first stage, experiments were carried out on two types of specimens:

e REF specimens (reference): reference specimens which were tested after their
storage in standard environmental conditions: 20°C and 65% of relative
humidity (RH).

e CC-L specimens (climate cycles load): specimens that were tested after being
subjected to extreme climatic cycles in service load situation.

Through the comparison between both types, the aim was to evaluate how the
exposure to extreme climatic cycles of temperature and humidity affected the joints
in real load situations. Two anchorage lengths were studied for each one of the two
types of specimens, and for two of the tested anchorage lengths an additional type of
specimens was made (CC-U). The CC-U specimens were introduced into the climatic
chamber at the same time as their counterpart CC-L, but unloaded. This provided
some additional information for the specimens with the most common joint lengths,
giving rise to a third type of specimen:

e CC-U specimens (climate cycles unload): specimens that were tested after
being subjected to extreme climatic cycles unloaded.

The specimens were made by using softwood glulam timber sections of quality GL-
28h [38], with a total length (Lm) higher to the glued joint length (Lg). The transversal
section of the specimen was 160 x 160 mm. The density of the timber was determined
for a wood humidity content of 12%, obtaining an average value of 452.3 kg/ms3
(standard deviation 24.8).Threaded steel bars with a nominal diameter (d) of 12 mm
and a quality of 10.9 [39] were used. The used adhesive was a two-component epoxy
(HILTI HIT-RE 500) that had proved adequate for this application in previous tests,
carried out in standard climatic conditions (20°C/65% RH) [10-13,15]. Component A
was a bisphenol A/F base epoxy resin with inorganic filler (30-40% bisphenol-A-
epoxy resin, 10-20% bisphenol-F-epoxy resin, <15% hexandiolglycidylether, <10%
alkylglycidylether)and the component B was an aliphatic polyamine with inorganic
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filler (30-40% m-xylylene diamine), with a density of 1.5 g/cm3 (20°C) and a viscosity
of about 50 Pa-s (23°C). Values provided by the manufacturer and other technical
researches that have used the same commercial adhesive, largely utilized at the field
of the structural anchoring, have been taken as reference [40,41]. The glass transition
temperature of the adhesive is between 60-70°C according to these references. Due
to the fact that the main objective of this paper was to evaluate the structural
behaviour of the connections, both strength and stiffness, after have been subjected
to extreme climatic conditions, the realization of further characterization tests for the
adhesive was not considered necessary. The aforementioned studies [10-13,15] made
with the same adhesive had proved also that the superficial treatment of the bars was
not necessary, because the spigots of the threaded surface ensure the transmission of
the load in the steel-adhesive contact surface in a mechanical way. The bars had a hot
zinc treatment to avoid the possible corrosion of the steel as a result of the climatic
cycles they were going to be submitted to. The threaded bars had a length of 150 mm
longer than the anchorage length with the aim to enable their fixation to the grips of
the test machine during the load process. The relationship between the bars diameter
and the timber section provided a distance to the edge six times longer than the bar
diameter (6d), with the aim of avoiding failure caused by timber splitting [3,10]. In
the centre of the timber section drills of 14 mm diameter were made in the direction
of the grain, which produced an adhesive thickness of 1 mm. To evaluate the
influence of anchorage length, specimens were made with three different anchorage
lengths: 60, 120 and 180 mm. The characteristics of the different types of tested
specimens are summarized in table 1.

Type Anchorage Timber Rod Hole Average Standard Number of Load
length (L) length nominal diameter density of  deviation of  specimens  during the
(Lm) diameter timber density cycles
[mm] [mm] [mm] [mm] [kg/ms] [kN]
REF 60 90 12 14 438.15 15.74 8 -
120 180 12 14 445.20 7.63 8 -
180 250 12 14 452.32 13.27 8 -
CC-U 120 180 12 14 450.86 30.99 8 -
180 250 12 14 461.61 21.28 8 -
CC-L 60 90 12 14 468.95 28.44 8 5.6
120 180 12 14 432.79 36.26 8 8.8
180 250 12 14 448.28 9.70 8 11.9

Table 1. Types of tested specimens.

For each type of specimen and for each anchorage length 8 joints were tested, and
provided a total of 64 results. Prior to the test, the specimens were stored in a
climatic chamber with a temperature of 20°C and a relative humidity (RH) of 65%
until they reached a moisture content around 12%. In order to determine the strength
of the joints, the specimens were tested at a constant speed to reach failure in 5+2
minutes. The load was applied by constant speed of the crosshead, with a speed of
0.3, 0.5 and 0.7 mm/min for the lengths of 60, 120 and 180 mm, respectively. A pull-
compression set-up was used, because the specimens were designed with only one
glued joint on each end. To avoid the confinement effect, a steel plate with an 80 mm
diameter hole was used over the head of the specimen, through which the pull-
through load was applied. In this way, there was a distance from the axis of the bar to
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the edge of the load three times superior to the bar diameter, as it is shown in Fig. 1.
The tests were made in the laboratory of the Structural Timber Engineering Platform
(PEMADE) of the University of Santiago de Compostela, using a test frame branded
Microtest with load cell of 600 kN branded Microtest and model PB2-F/600.

Fig. 1. Pull-compression test device.

2.2. Climate built-up

For the CC-L specimens to be in load service situation while subjected to climatic
cycles, a pull-pull loading frame was designed using laminated steel sections, as it is
described in Fig.2. For this purpose, the CC-L and CC-U specimens were initially
made with a length of the timber piece double (2Lw) of the finally tested specimens
(Lm). Four specimens were made for each type and each gluing length. At the end of
each wooden piece, a glued joint with identical characteristics was manufactured,
which allowed the use of the pull-pull device to apply the load during the storage
process in climatic cycles. Once the climatic cycles were finished and the standard
balance humidity recovered (20°C/65%RH), the wooden pieces were cut in half their
length. In this way, eight glued joints were obtained for each one of the three gluing
lengths (L) described in table 1.
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Fig. 2. Scheme of the pull-pull frame designed to apply load in the glued joints during the exposure to climatic
cycles (CC-L), and specimens during their assembly.

For each anchorage length, thermocouple sensors were disposed in two of the
wooden pieces subjected to load during the climatic cycles (CC-L), which allowed to
register the variation of temperature of the joints during the cycles. To place each
sensor, a 3 mm diameter hole was drilled in the centre of one lateral side of the
wooden piece to a Lg distance from the superior edge, corresponding with the interior
end of the glued joint. Then, a type K thermocouple sensor was introduced, which is
valid for a range of temperatures from -30°C to +225°C. Finally, the hole was sealed
with MS polymer adhesive with high resistance to inclemency and UV rays. The
specimens were stored in a standard environment until they reached a moisture
content around 12% before proceeding to the gluing of the thermocouples.

2.3. Climate cycles

There is not a specific standard to evaluate the behaviour of aforementioned joints
facing extreme climatic cycles. Neither is there an equivalence of these cycles with a
natural aging process, e.g. for extrapolation of possible long-term analysis. On the
other hand, the requirements of the ISO rule 9142 [42] exceeded the capabilities of
the only available climatic chamber. On this basis, the proposed cycles on the rule
UNE-EN 302-3:2005 [43] have been taken as a reference, including a phase of
standard atmosphere (phase 0) which is introduced as an intermediate step between
successive cycles.

In this way, the cycle designed for the test, compounded by four phases (A, B, C and
0), had a total duration of 56 hours and was allocated as follows:

e Phase A: a target temperature of 50°C and a relative humidity of 87.5% during
24 hours.

e Phase B: a target temperature of 10°C and a relative humidity of 87.5% during
8 hours.

e Phase C: a target temperature of 50°C and a relative humidity of 20% during
16 hours.

e Phase 0: Return to the initial situation of a standard atmosphere, a target
temperature of 20°C and a relative humidity of 65% during 8 hours.



D. Otero-Chans, J. Estévez-Cimadevila, E. Martin-Gutiérrez
Joints with bars glued-in softwood laminated timber subjected to climatic cycles

Every 56-hour cycle was repeated 4 times, so the whole duration of the process
amounted to 224 hours. Before and after testing them, the specimens were stored in
standard atmospheric conditions (phase 0) until they reached a relative humidity
around 12%. The humidity content control was made with a 2-pins digital wood
moisture meter.

The phases that were proposed involved some theoretical variations on the timber
moisture content, from 5 to 20%, although the work conditions in the climatic
chamber set some differences between the theoretical proposed cycle and the real
cycles to which the specimens were subjected.

Firstly, the step from one phase to another was not immediate, because the climatic
chamber needs a period of time to modify the atmospheric conditions between
phases. Fig.3 shows the measurements of temperature and relative humidity
registered by the climatic chamber for the specimen’s case of Ly=120 mm. Due to the
necessity of adapting the loading frame shown in Fig.2 to the dimensions of each
series of specimens according to their total length, the process was made
independently for each of the three tested anchorage lengths. CC-L and CC-U
specimens with the same anchorage length were subjected to the climatic cycles at the
same time, the first ones set on the loading frame shown in Fig.2 and the second ones
stacked into the frame. The graphics for specimens of Lg= 60 mm and Lg= 180 mm
presented similar registrations to the ones of Fig.3. The climatic chamber measured
the duration of the cycle from the moment when the target conditions were reached,
so the total duration was superior to the theoretical 224 hours, as it can be observed
in Fig.3.
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Fig. 3. Complete temporal development of the four proposed climatic cycles. Specimens with Lg=120 mm.

On the other hand, Fig.3 also reveals the difficulty of maintaining the extreme ranges
of temperature and relative humidity, expected to be 87.5% and 20%. In spite of the
fact that these values were punctually reached, during their cycles their value tended
to stabilizes at around 80 % for A and B phases, and 40% for phase C. In this way, the
timber humidity content finally varied between 20 and 6%, as it is shown in Fig.4,
made according to the hygroscopic balance curves by Kollmann [44].
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Fig. 4. Variation of the moisture content of timber specimens according to Kollmann balance curves.

2.4. Serviceability load for specimens type CC-L

The objective of the experimental analysis of the CC-L test pieces was to know the
structural behaviour of joints subjected to load under climatic cycles in a situation as
similar as possible to that of a real structure, so the actual standard procedure for the
design of joints in wooden structures was taken into account. During the working life
of a building structure, the usual loading situation corresponds to the so-called quasi-
permanent combination [45], used to determine the load value to which each of the
tested specimens must be subjected. The starting point was the characteristic axial
strength obtained for reference specimens (Rx of REF specimens), tested in standard
conditions without being previously subjected to any load or climatic cycles. The
calculation value of the joint resistance Rq (design value of a load-carrying capacity),
was determined according to Eurocode [23], taking into account the partial factor for
a material property (ym) and the modification factor for duration of load and
moisture content (kmoda). Such resistance must not be surpassed by the effect of
increased actions in characteristic combination, considered as the most unfavourable
dimensioning load.

On the other hand, the quasi-permanent combination was defined as a representative
service situation of the usual loading situation of the building [45]. In this way, with
the aim of selecting a representative load value for the use situation of the structure,
the percentage of the load that corresponds to the quasi permanent situation in
service values in relation with the most unfavourable dimensioning load (®) was
evaluated according to:
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Where:

Gx = Characteristic value of the permanent action

Qx = Characteristic value of a single variable action

Qu,: =Characteristic value of the leading variable action 1

Qu,i= Characteristic value of the accompanying variable action i
kmoa = Modification factor for duration of load and moisture content
yc = Partial factor for permanent actions

yum = Partial factor for a material property (ym =1.3 for connections)
Yo = Partial factor for variable actions

Yo = Factor for combination value of a variable action

. = Factor for quasi-permanent value of a variable action

According to (1) different usage possibilities were analysed to determine the
percentages of service load that need to be considered (®), taking into account the
most common types of timber structures. As it is summarized in Table 2, these values
of service loads moved between 29% and 34% from the characteristic load, so it was
preferable to take a 30% of the characteristic failure load obtained for the reference
specimens. The applied preloading values that resulted from considering this
percentage have been reflected in Table 1. This load was applied using a torque
wrench until the load cells placed on the ends of the specimens, as it is indicated in
Fig.2, showed the desired readout.

Category of use Permanent actions Variable actions @ [%]
self weight, Gk = 1.0 kN/m?
o VST T / Qi = 2.0 KN/m?
A:residential areas finishes, Gk = 1.0 kN/m2 150 L%
B: office areas partitioning, Gk = 1.0 kN/m? Ye=15 3147
Kkmod = 0.8 and w2 = 0.3
Yo =1.35

self weight, Gk = 1.0 kN/m?
finishes, Gk = 1.0 kN/m?
partitioning, Gk = 1.0 kN/m2

Qx = 3.0 kN/m?
Y6 = 1.50 34.5%
Kmoda = 0.8 and = = 0.6

C: congregation areas (low)

Yé =1.35
) . . self weight, Gk = 1.5 kN/m? Qx = 5.0 kN/m2
(D:. cc})lngre'gatlon areas (high) finishes, Gk = 1.0 kN/m2 YG = 1.50 31.1%
: shopping areas
PPing Yo =1.35 Kmoda = 0.8 and y. = 0.6
. | ble & self weight, Gk = 1.0 kN/m? Qx = 1.0 kN/m?
H: roofs, only accessible for . _ . B
maintenance finishes, Gk = 1.0 kN/m Yc = 1.50 29.3%
Yo =1.35 kmoa = 0.8 and y= = 0

Table 2. Evaluation of the percentage of service load (®) for different design situations.

3. Results and Discussion

3.1.Failure modes and loads

The joints of CC-U and CC-L specimens were subjected to a visual inspection after
being subjected to climatic cycles. Neither visual damage nor any liquefaction of the

10
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adhesive was observed. On the other hand, the readings of the load cells in CC-L
specimens were checked after end of the setting process inside the climatic chamber
finished. The readings were reduced by an average of 15% regarding the initial loads
applied to them. This is easily explained taking into account the phenomenon of
creep deflections [30], since, as it has been explained on section 2.2, the loads during
the process of the climatic cycles were applied using a fix frame, and this process was
extended for about 28 days (Fig. 3).

During that period, the environmental conditions swung their moisture content
between 6 and 20%. The visual inspection of the specimens did not reveal the
existence of cracks despite both shrinkage and swelling of wood.

Specimens were tested until failure in short-term tests, once they had been subjected
to the climatic cycles described in section 2.1, and after reaching the balance humidity
in a standard atmosphere. The control of the moisture content was made with a 2-
pins digital wood moisture meter. For every type of specimen, the failure mode was
the partial extraction of the bar due to shear failure of timber on timber/adhesive
interface. As it is shown in Fig. 5, in some cases the extraction was accompanied by
small blocks of the adjacent timber, although always of small dimensions. No
differences of failure between the different types of specimen tested were observed.

’-.#‘;%g)vsp_eamen type CC-L
= YLV ’

Fig.5. Failure mode presented by all the tested specimen after testing them until failure. Shear failure on
timber/adhesive interface.

In Table 3 the average values of failure load obtained for each type of specimen are
summarized. Additionally, the standard deviation and the characteristic value
calculated according to the Eurocode [45] are indicated.

Firstly, the values for the three types of specimen with the same anchorage length are
compared; thus, it is pretended to evaluate the incidence of the exposure to the cycles
in the joint resistance. The comparison is made numerically in the table 3 and
graphically in Fig. 6. Fig. 6 provides a representation of the shear load values of all
the tested specimens. The obtained results do not allow establishing final
conclusions. Paying attention to the average values of the failure load, in the case of
the anchorage lengths of 120 and 180 mm, the capacity of the joints is reduced to 13%
and 9%, respectively when they are subjected to climatic cycles with load. The
strength of specimens with an anchorage length of 120 mm is reduced by 16% when
they are subjected to climatic cycles unloaded. However, both CC-L/60 and CC-
U/180 specimens practically maintain the reference value with a variation of nearly
2%. On the other hand, due to the existing differences in standard variations of the
different types, these relations are not maintained when we consider the
characteristic failure loads of the joints.
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Load during the = Average Standard Characteristic ~ Variation of Variation of Variation of
st‘:[:)ifn%fn climatic cycles failureload deviation failure load gluing area  average failure load charact. failure load
P [kN] [kN] - [kN] % % %

COMPARISON BY TYPE OF SPECIMEN for the same gluing lengths

REF 60 - 21.33 1.59 18.57 - 100.00% 100.00%
CC-L 60 5.6 21.70 2.44 17.44 - 101.70% 93.94%
REF 120 - 46.43 8.86 31.00 - 100.00% 100.00%
CC-U 120 - 39.00 6.83 27.11 - 84.00% 87.46%
CC-L 120 9.3 40.38 2.70 35.69 - 86.97% 115.11%
REF 180 - 53.02 6.81 41.16 - 100.00% 100.00%
CC-U 180 - 54.01 6.30 43.06 - 101.87% 104.60%
CC-L 180 12.3 48.33 5.64 38.52 - 91.16% 93.57%
COMPARISON BY GLUING LENGTH for the same type of specimens

REF 60 - 21.33 1.59 18.57 33.33% 40.23% 45.11%
REF 120 - 46.43 8.86 31.00 66.67% 87.56% 75.32%
REF 180 - 53.02 6.81 41.16 100.00% 100.00% 100.00%
CC-U 120 - 39.00 6.83 27.11 66.67% 72.21% 62.97%
CC-U 180 - 54.01 6.30 43.06 100.00% 100.00% 100.00%
CC-L 60 5.6 21.70 2.44 17.44 33.33% 44.89% 45.29%
CC-L 120 9.3 40.38 2.70 35.69 66.67% 83.54% 92.65%
CC-L 180 12.3 48.33 5.64 38.52 100.00% 100.00% 100.00%

Table 3. Values of failure load.

Then, the influence of the anchorage length on the load-bearing capacity of the joint
was studied comparing test results for the same type of specimen. The results are
shown both in Table 3 and in Fig.7. Table 3 additionally indicates the variation of the
interface timber-adhesive (gluing area), which in this case varies linearly with the
length, since the drill and the threaded bar diameter were the same in all cases.
Reference specimens show a behaviour in line with the already mentioned and well-
known in the literature. The strength of the joint increases when the gluing length
increases, but the percentage of the load increase is lower to the increase of the gluing
area. The specimens that have been subjected to climatic cycles, both loaded and
unloaded, show a similar behaviour to the reference specimens. The percentages that
represent the increase of strength are similar to the ones of the specimens that have
not been subjected to climatic cycles.
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3.2. Evolution of temperature in the joint.

As it has been shown in the section 3.1, there is not any clear evidence that the
strength of the joints tested in standard conditions has been affected after being
subjected to temperatures up to 50°C with relative humidity above 80%. Another
important aspect in the implementation of glued-in rods is to evaluate the level of
self-protection guaranteed by the hidden-design of the joints in fire situations. In
order to evaluate the protection level in the tested joints, the readouts that
correspond to the thermocouples, inserted into the glued joints as it has been
described in the section 2.1, have been analysed with great detail, in relation with the
climatic variations produced in the chamber. In Fig. 8 it is represented the case of the
first 10 hours of the climatic cycles that correspond to the bars of L;=120 mm,
although the described situation is reproduced almost identically for other lengths
and other phases of the test. It can be appreciated that the readouts that were
registered by the thermocouples disposed for each series of specimens were
practically the same. Since the first half an hour the relative humidity of the air varied
between 71% and 83%. In those conditions, the span of time since the temperatures
of 30, 35, 40 and 45°C are reached until the thermocouples placed on the interior end
of the joints register the same values, is measured. As it can be seen in Fig. 8 the
readouts of the thermocouples start from a balance temperature of 20°C and the
spans of time that take the interior of the joint until it reaches the chamber
temperature are longer as long as the temperature rises. The minimum delay is two
hours for 30°C and almost 4 hours in the case of 45°C. This should indicate that,
even in the case of using adhesives with reduced glass transition temperatures, we
could easily design joints with high resistance to fire by increasing the wood section if
it was needed. This is so even when steel threaded bars with a high capacity of heat
transfer are used.
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Fig. 8. Readouts of the thermocouples, environment temperature and relative humidity between o and 10 hours
of the process in the climatic chamber for specimens with Lg=120 mm.

The protection of the joint against the variation of external temperatures can be
modified both according to the distance to the edge and to the type of wood that is
used. According to literature, the thermal conductivity coefficient (A) increases with
timber density, so this means that the types of timber with lower densities are better
thermal insulators, because they have a more reduced heat transmission speed [46].
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This aspect has been proved by comparing the results shown in the present paper, for
specimens of softwood glulam timber with an average density of 452.3 kg/ms3, with
the ones obtained for specimens with similar characteristics made on chestnut timber
with an average density of 583.5 kg/ms3.The time spans that were registered in the
case of chestnut specimens were 1.6 and 2.3 hours for 42°C and 45°C respectively
[47].The difference in results reveals the importance of analysing the behaviour of
these types of joints in different wood species.

3.3. Influence on the stiffness of the joint.

Some authors have indicated that the increasing of temperature can alter the
behaviour of the adhesive, indicating that glued joints lose stiffness when
temperature rises [6,20], but they recover it when the environmental conditions go
back to normal. In the tests presented in this paper, the joints have been subjected to
temperature and humidity cycles, but they were tested in standard environmental
conditions and after having reached the balance humidity.

The load-displacement curves that correspond to the tests of the different types of
studied joints are represented in Fig.9 for the three tested anchorage lengths. In
order to assess the difference in behaviour between the three types of tested joints, it
was represented with a different colour for each type of test, a graphic that
corresponds to the specimen that reached the closest failure load to the average. To
even the initial routes corresponding to the loading of the specimens, the value
corresponding to a load of 5 kN was took as one of zero displacement.
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Fig.9. Load-displacement curves for specimens with Lg=60 mm (a), 120 (b) and 180 (¢) mm, respectively.

14



D. Otero-Chans, J. Estévez-Cimadevila, E. Martin-Gutiérrez
Joints with bars glued-in softwood laminated timber subjected to climatic cycles

The differences are significant between curves of smaller anchorage lengths (Fig. 9a,
L,=60 mm) and the specimens with higher anchorage lengths (Figs. gb and 9c). In
the case of the specimens with less anchorage length there is not any significant
difference in the displacement recorded for the three types of tested specimens (REF,
CCU, CCL). In both Figs. gb) and 9c) it can be observed that both loaded (CCL) and
unloaded (CCU) specimens present practically identic load-displacement curves,
while the reference specimens (REF) present a load-displacement curve with
deflections that are about 35% smaller than the previous ones. This difference of
behaviour between the shortest and the longest joints was also found in previous
studies performed on chestnut timber [47]. The explanation of this phenomenon
could come from the difference in the distribution of shear stresses along the joint
according to its slenderness. The existing studies indicate that in reduced anchorage
lengths, the stresses along the joint are quite even, and as long as the length
increases, more stress peaks are produced at the ends of the joints [7,21,36.48]. In
longer joints, those highest stress peaks are located on the exterior end of the joint,
which coincides with the adhesive area that is the most exposed to climatic
conditions, since, as we have seen, on the inner area of the joint, wood behaves as a
retardant barrier for heat. The results seem to indicate that the exposure to high
temperatures can alter the load-deflection response of the joints, even when they
have recovered the standard environmental conditions. This is a very important
aspect that has to be deeply studied, because of the consequent reduction on the
stiffness of the joints.

4. Conclusions

Short-term tests have been conducted on 64 joints made with threaded steel bars
glued parallel to grain in softwood laminated timber elements with a quality of
GL28h. Residual strength and stiffness corresponding to three environmental
situations have been compared: specimens in a standard environment and specimens
subjected to extreme variations of temperature and humidity in a climatic chamber,
both in service load and unloaded.

The joints were subjected to climatic cycles during 28 days with the relative humidity
varying from 20% to 87.5% and the temperature from 10°C to 50°C. In none of the
samples that were visually inspected appeared any crack related to dimensional
variations or stresses generated by those movements.

Joints made with bars glued on timber, by their self-protective form, allow designing
high resistance joints in the case of fire. For joints made with 12 mm diameter bars,
with a distance to the edge of six times the diameter of the bar, the rise of
temperature was slowed down inside the joint between 180 and 230 minutes for
temperatures up to 45°C.

The exposure to extreme climatic cycles seems to modify the stiffness of the adhesive,
reducing it around a 35% in this case.

The failure load values for specimens tested in usual standard conditions were, in
some cases, 15% more than the ones that had been previously subjected to climatic
cycles. However, this reduction on the load capacity of the specimens that were
previously subjected to climatic cycles was not constant and, in some types of
specimens, the failure load values were almost constant for the three types of tests
that were conducted. Analysing the average failure load values, the joints subjected to
climatic cycles keep less residual strength than the reference ones, but the results
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were not conclusive when the characteristic values were evaluated. Therefore, it will
be necessary to make additional studies focused on the behaviour of joints made with
glued bars subjected to extreme environments.
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