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In this study, the axial strength of joints made with threaded steel rods glued in timber with epoxy is
investigated. Although numerous experimental studies have investigated these joints made in glued
laminated timber (glulam) from softwood, experimental data concerning tests on a whole range of
hardwood species are still lacking. Thus, to evaluate the influence of timber characteristics on the
behaviour of the joint, test results from different species are presented and discussed in this paper.
The experimental results from samples using softwood as well as high-density hardwood glued
laminated timber are compared. Diverse geometries of the joint are studied in both cases. From this
experimental analysis, a formula to predict the strength of the glued-in bars is proposed. The prediction
of the strength is made from two parameters that are easily quantifiable the density of the timber and
the slenderness of the glued joint. This model shows a good accuracy with the test results of joints

made on different species both from softwood and hardwood.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Joints composed of glued rods began to be used during the
1970s. Initially, they were used to prevent failures due to tension
perpendicular to the grain in glued laminated timber (glulam)
elements, such as gaps, notches or ridgepoles [1]. Currently,
glued-in rods are used for the design of joints in new works due
to their high load capabilities and their ability to form rigid joints
[2-4]. In addition, they offer great aesthetic benefits and are self-
protected by the wood element against weather or fire [5,6]. This
type of joint is frequently used in the repair and consolidation of
old structures that have been infested by xylophagous organisms
or have degraded over time [7].

One of the main problems for the generalization of the use of this
type of joint is the limitation of the existing design criteria. European
codes do not include a regulated solution for the size of these joints
[8]. Therefore, using them requires prior testing in order to assess
the strength of this particular solution. As an alternative, several
authors have proposed experimental models [9,10] derived mainly
from the analysis of joints constructed in glued laminated coniferous
timber, which may pose a limitation in application to other types of
material. Although the existing models are based on the analysis of
joints composed of the same type of wood (glulam from spruce or
picea), there are discrepancies regarding the general behaviour
criteria of the coniferous wood and the strength values predicted
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by the proposed expressions [11]. In 1997, Eurocode 5 proposed, as
an Informative Annex, a design model likewise limited to joints
made in coniferous wood glulam.

Deciduous woods nonetheless offer a great potential for the
application of this type of joint because they have higher values of
strength and density. These properties are useful both in the
design of new structures and in the restoration of old ones. In new
structures, the elements of deciduous wood can be used as the
main element or merely as transition elements [12,13]. In most
old elements, deciduous woods have already been used, at least in
certain geographic regions. Deciduous wood provides great
strength when designing new projects too. Thus, it is necessary
to know the behaviour of the glued rods in any type of wood so as
not to limit the possible application of such joints.

Our team made an extensive experimental analysis of threaded
steel rods glued with epoxy resins in sawn deciduous woods [14,15].
These test results show important differences in behaviour in
comparison with the models proposed in the literature. Based on
this work, a new expression was proposed for the design of joints
with glued rods in deciduous woods [11,16]. The proposed model
showed a very good fit with the results obtained for sawn deciduous
woods but required the characterization of the wood used in the
joint because it was based on the knowledge of the shear strength of
the wood. To address this problem, a new experimental plan was
undertaken with two objectives:

e To analyse the factors which have a bearing on the behaviour
of the joint, considering the effect of different geometries of
the joint and types of wood.
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e To validate a design model that can be applied to different
types of structural wood, thereby avoiding the need to carry
out prior tests to characterize the wood’s shear strength.

2. Materials and test methods

Fig. 1 shows the configuration of the test pieces of wood. The
pieces had a symmetrical configuration with identical joints at
both ends to perform pull-pull tests.

The wood sample pieces were made using two different species
of glued laminated timber: spruce (Picea abies) and eucalyptus
(Eucaliptus globulus). The characteristic density values were between

Fig. 1. Testing device.

Table 1
Geometric characteristics of the wood sample pieces. Dimensions in mm.

41493 and 734.83 kg/m>, and the mean values were between
443.86 and 795.07 kg/m?>, respectively. The samples were stored in
a conditioning chamber in an atmosphere normalized at 20 °C and
a 65% relative humidity until reaching a balanced 12% humidity.
The types of wood selected had extreme densities and strength
characteristics within the range of those of the structural woods
typically used.

Threaded rods of high-strength steel, 12.9 grade [17], with
diameters of 12 mm were used. This diameter allowed for the
design of different types of outer connections, both glued and
threaded in auxiliary joint elements [12]. High-strength steel was
chosen to prevent failure due to rod yield, which would make it
impossible to evaluate the true load capability of the glued joint.
In practice, the use of lower quality steel is recommended to achieve
ductile failure associated with the tension in the rod [7,18-20].
The threaded bars also guaranteed the mechanical transfer of the
load between the steel and the adhesive, allowing the selection of an
ideal adhesive formulation for the wood [13, 21].

The geometrical parameters are described in Table 1. The
wooden pieces had a cross section of 160 x 160 mm (a), which
yielded an upper edge distance (c) greater than six times the
diameter of the rod. This distance was much greater than the one
recommended in the literature [8, 10, 20], limiting the possibility
of premature failures by splitting in the wood. The length of the
piece of wood was three times that of the anchorage length of the
rods (L). This configuration provided a distance between the
internal ends of rods (L;) equal to the anchorage length (L).
In the tests performed previously and in the literature guaranteed
that this distance (L;) was sufficient to prevent an interaction
effect between both inner ends of the bars [22, 23].

The adhesive used was an epoxy resin of two components
bisphenol epoxy and aliphatic polyamine (Hilti HIT-RE 500). It is
a commercial adhesive that has not been specifically formulated
for this application but has yielded good results in previous tests
[13-15, 24]. In addition to its strength, it has physical qualities
that facilitate the injection of the rods and the caulking of the rods
and has limited shrinkage, which is integral to guarantee filling
the joint after curing.

The surfaces were not prepared in any way before gluing.
Previous experiences have shown that the load transfer between
the adhesive and the threaded steel bars is chiefly mechanical
[13, 21, 25].

Holes were drilled parallel to the grain with a diameter (D) of
14 mm, guaranteeing an adhesive thickness (e) of 1 mm in the
glueline. The length of the holes (L) varied between 60 and
180 mm, with 30 mm increments. This configuration yielded a
range of joints with five values of slenderness (4, understood as

Type of wood a d e D L Li Y
sample Cross section of the Diameter of the  Thickness of the Diameter of the Anchorage Distance between Slenderness
piece rod glueline hole length rods L/d

Type 1 160 12 1 14 60 60 5.0
Type 2 160 12 1 14 90 90 7.5
Type 3 160 12 1 14 120 120 10.0
Type 4 160 12 1 14 150 150 125
Type 5 160 12 1 14 180 140 15.0
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the ratio between the anchorage length and the rod diameter)
between 5 and 15. The different types of wood sample pieces
tested are listed in Table 1.

The specimens were tested until failure in an INSTRON
universal testing machine, equipped with a load cell of 1000 kN.
The device had an MTS control system, which was programmed to
record the parameters of time, load and displacement during the
entire testing process. The load was applied under double tension
using a setting device that minimized the effect of possible
eccentricities (Fig. 1). The test was conducted with displacement
control, adjusting the velocity so that failure occurred in the
5+ 2 min established for short duration tests.

3. Test results
3.1. Failure modes

The specimens were designed according to conclusions derived
from previous studies [13,14], with the objective of exhausting the

Fig. 2. Failure mode in spruce specimens.

Fig. 3. Failure mode in eucalyptus specimens.

Table 2
Results of the tests (characteristic values for each type).

capacity of the glued joint. Thus, the failure of all of the specimens
occurred due to shear rupture on the wood, whether close to the
wood-adhesive interface or by the extraction of a block of wood.
The failure owing to shear rupture of the wood entails a brittle failure
which is highly undesirable in real structures. In practice, it would be
advisable to condition the joint’s failure to that of yielding of the steel
rods in order to ensure the joint’s global failure was ductile.

Fig. 2 shows the typical failure mode for specimens made with
spruce glulam, and Fig. 3 shows the typical one for specimens
made with eucalyptus glulam. The only difference between the
failure modes of the two species studied was the place where
surface fracture occurred. The extraction of a block of wood
adjacent to the glueline was common in the specimens made
with the least dense timber (spruce). Specimens made with the
denser timber failed at the timber/adhesive interface.

3.2. Failure loads

For each type of wood sample and for each species of wood,
eight identical specimens were tested. In some cases, the sample
number was reduced to 7, discarding those pieces that had
unacceptable drying cracks.

In Table 2, the failure values for each sample are indicated.
The characteristic value (F;) has been determined in accordance
with UNE-EN 14358:2007 [26] from the mean value (F;,) and the
standard deviation of each one of the samples. The calculation
takes the sample size into account. Furthermore, the character-
istic value which would correspond to the fifth percentile from
the sample (Fsy) is considered to be an additional indicative
element of the behaviour trend of the results.

Figs. 4 and 5 show the failure loads obtained for each speci-
men, represented by dots. Unbroken lines represent the mean
(Fn) and characteristic (F, and Fsy) loads obtained for each type of
wood sample. These values show the trend of the load values in
connection with the anchorage lengths of the joints. The results
show that the relationship between the failure load and the
anchorage length is not linear. The case of 150 mm and 180 mm
samples stands out from the rest, as it is shown in Figs. 4 and 5.
That is, for short gluing lengths, the failure load increases with
anchorage length, but it tends to stabilize, or even decrease, for
the longest anchorage lengths.

This behaviour was repeated in the two species tested and ratified
the results obtained in previous tests in sawn woods with high
densities [13-15]. On the other hand, these results contradicted the
traditional design proposals in which the strength of the joint
increased linearly with the anchorage length of the rods [8-10,18];
at the same time, these results corroborated other previous
approaches which consider non-linear proposals taking the joint’s
slenderness into account [15, 27]. The existing numerical models also
confirm that the relationship between joint’s strength (failure load)
and its gluing length is not linear [28, 29].

Type of A Spruce wood Eucalyptus wood

wood

sample
Failure load Average shear stress  Failure load Average shear stress Failure load Average shear stress  Failure load Average shear stress
[kN] (Fsg ) in wood [MPa] (fsy, ) [kN] (Fr)  in wood [MPa] (f ) [kN] (Fs% )  in wood [MPa] (fsy )  [KN] (F ) in wood [MPa] (f )

Type 1 5.0 23.03 8.73 22.22 8.42 - - - -

Type 2 7.5 26.14 6.60 24.56 6.20 36.64 9.26 33.17 8.38

Type 3 10.0 35.69 6.76 29.01 5.49 44.57 8.44 42.36 8.02

Type 4 12.5 46.33 7.02 40.80 6.18 54.30 8.23 51.55 7.81

Type 5 15.0 44.34 5.60 40.37 5.10 56.77 7.17 54.35 6.86
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Fig. 4. Failure load values for spruce wood pieces (dots). The broken lines
represent the mean and characteristic values. The unbroken line represents the
values calculated with the proposed model.
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Fig. 5. Failure load values for eucalyptus wood pieces (dots). The broken lines
represent the mean and characteristic values. The unbroken line represents the
values calculated with the proposed model.

Since the failure modes are identical for the different gluing
lengths, the explanation to the fact that the strengths drop where
the largest lengths are concerned could lie in the so called Volkersen
Theory [1, 20]. This theory points to the fact that there are very high
stress peaks at the ends of the longest joints, thereby hastening the
failure in the joints without taking advantage of the strength in their
full length.

4. Discussion
4.1. Influence of the geometry of the joint

Figs. 6 and 7 show the experimental results of the average shear
stress on the wood-adhesive contact surface (f, obtained as the ratio
between the failure load and the area). The values are represented as
a function of the slenderness of the joint (1). The curves obtained for
the mean (f;;,) and characteristic (fy, fs%) values indicate that for lower
values of slenderness, failure occurs at higher average shear stress
values. These results once more corroborate the conclusions obtained
in previous studies conducted on sawn deciduous woods [15] and in
coniferous glued laminated timber [19, 30].

From these results, a first criterion of the basic design for this
type of joint was extracted, consisting of limiting their slenderness,
as the higher average shear stress in failure is reached in joints with
lower slenderness. The data obtained recommend not surpassing
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8.00
7.50
7.00
6.50
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5.50
5.00

Average shear stress (MPa)

40 50 60 70 80 90 100 11.0 120 13.0 140 15.0 16.0

Slenderness (L/d)

Fig. 6. Average shear failure stress (in MPa) of the joints (spruce wood).
The broken lines represent the mean and characteristic values. The unbroken line
represents the values calculated with the proposed model.
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Fig. 7. Average shear failure stress (in MPa) of the joints (eucalyptus wood).
The broken lines represent the mean and characteristic values. The unbroken line
represents of the values calculated with the proposed model.

slenderness values of 15 in the case of low density types of wood,
which could reach 18 in the case of more dense types of wood. Fig. 4
shows that above these values, increasing the glued surface does not
lead to an increase in the strength of the joint, which would mean
a waste of the material.

The comparison between the graphs corresponding to both
species shows that the influence of the slenderness is different in
both cases. Comparing the mean stresses (f;;;) obtained for A=7.5
(L=90 mm) and A=15.0 (L=180 mm), we notice that 20%
decrease occurs in the case of the spruce and a 25% drop takes
place in the case of the eucalyptus.

For medium slenderness values, the average stress value remains
or decreases slightly, with variations in the mean stresses (f,) for
slenderness between 7.5 and 15 amounts to 12% for the spruce and to
15% for the eucalyptus. This difference could be due to the fact that
the stress distribution along the joint varies significantly with the
stiffness of the wood. A FE study [31] showed that timber with higher
modulus of elasticity leads to higher stress peaks at the ends of the
timber/adhesive interface.

4.2. Influence of the density of the wood

Based on the findings from the previous section, the charac-
teristic density of each type of wood is compared with the
average shear stress as a characteristic value (fsy) obtained for
each type of wood sample piece. For medium slenderness values
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(A=10), a ratio of 414.93/6.76 was obtained for spruce and
734.83/8.44 for eucalyptus, which indicates that the average
shear stress increases with density, although there is no linear
proportion between them. An increase of 177% in the density (the
difference between spruce and eucalyptus 734.83/414.93) only
results in a 125% increase in the average shear strength of the
joint (8.44/6.76). This behaviour was repeated for the five slen-
derness values studied, as may be seen in the values shown in
Table 2.

5. Calculations
5.1. Design model to predict the behaviour of the joint

The experimental results shown lead to a design model based
on the average shear stresses of the joint (fioin). According to
the observations, this parameter can be expressed as a function of
the characteristic value of timber density and the geometry of the
joint as follows:

, 0.7-k
fjoint:0'6'pl': 1- 2 (1)
pk+k

where py is the characteristic density of the wood (kg/m?), fioin
(N/mm?), and

k=i—]0=§—10 2)

A suitable fit was obtained with o=0.4 for the different species
tested. The characteristic load value for the joint (Fy, in Newtons)
was obtained from the average stress value in the joint and the
wood-adhesive contact surface (Eq. (3)).

Fy :fjoint'n'D'L 3

where fjoin; is defined in Eq. (1), D (mm) is the diameter of the hole
and L (mm) is the anchorage length.

The first part of Eq. (1) (0.6 p}) represents the shear strength
of the joint for average slenderness (A1=10). The second part
corrects the previous value depending on how great the influence
of the slenderness is in relation to the wood species used.

Fig. 8 shows the variation of the average shear stress predicted
values in the joint as a function of the variation of the slenderness
and the density of the wood, according to the proposed model.

One of the great advantages of this design strategy is that the
main contributing influence of the mechanical properties of the
wood on the strength of the joint is introduced by the density,
which is often a known parameter or one that is easy to obtain.
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Fig. 8. Graphic representation of the variation in the average shear stress of the
joint as a function of the wood density and the slenderness of the joint.

5.2. Comparison of the experimental results with the theoretical
prediction

The predicted load values for the different types of joints
tested were determined using Eqs. (1)-(3). Figs. 4-7 show the
comparison between the experimental values (represented by
dots) and the theoretical prediction (represented by a curve).
In Figs. 4 and 5 prediction is shown in terms of the load, and in
Figs. 6 and 7 it is shown in terms of the average stress in the joint.
In addition to this, Table 3 shows the numerical values and the
margin of error of the predictions in both cases.

The proposed model was compared with other experimental
results obtained previously. These included results based on joints
constructed using solid timber of tali (Erythrophleum ivorense) and
chestnut (Castanea sativa) (with characteristic densities of 796.14
and 468.71 kg/m?>, respectively). Threaded steel rods of different
diameters glued with epoxy were used with slenderness values
between 5 and 18. The methods and devices used have been
described in detail in Otero et al. [23, 24]. Fig. 9 shows the graphic
representation of the experimental results obtained in the case of
chestnut wood and the values predicted using the proposed model
(represented by the curved line). A similar fit was obtained with the
results corresponding to the tali wood.

5.3. Comparison with other theoretical models

As previously indicated, other approaches have been proposed
in past years to account for the behaviour of the joints in relation
to their slenderness.

Rossignon et al. [30] proposed an expression which is reflected
in the following equation:

) 04
Fax,mean =58- (ﬁ) ‘m-D-L 4)
where 1 is the L/D relationship. The proposal is based on the
analysis of joints made in glulam made of Norway spruce
lamellas. Threaded steel rods and a two-component epoxy resin
were used.

Gehri [19] proposed the so called GSA System, in accordance
with the following expression:

Fax,k =40 'Ag}}%ar (5)

where F,; (Newton) and Agpee (mm?). The system makes
reference to joints made in glulam with a characteristic density
of 420 kg/m> and rod slenderness lower than 15.

Figs. 10 and 11 show the graphical comparison of the models
proposed by Rossignon et al. [30] and Gehri [19] with the one
proposed in this paper, in relation to the experimental results
obtained for glued laminated timber made from coniferous.
Regardless of whether the prediction makes reference to char-
acteristic values in one case (Rossignon) and to average values in
another (Gehri-GSA), Figs. 10 and 11 show that the values
predicted by these two proposals do not agree with the behaviour
pattern seen in the experimental results submitted in this paper.

These models do not take into account the influence of the type of
wood, which is why their application is limited to glued laminated
coniferous timber. Generally speaking, the literature on this topic
does not include any proposals that are applicable to different types
of wood. It is, therefore, hard to establish a comparison with other
authors with regard to studies on the influence of this particular
parameter. Some models, such as the one included by way of an
informative annex in the EC5 [8] or the one set forth by Feligioni et al.
[32], include the wood density parameter in their design proposals.
In both cases, the density is affected by a 1.5-exponent, which has no
relationship at all with the experimental results submitted in
this paper.
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Results of the tests (characteristic values for each type) and prediction obtained with the proposed model.

Type of Slend. Spruce wood Eucalyptus wood
wood (4)
sample Prediction Failure load  Error Failure load  Error Prediction Failure load  Error Failure load  Error

obtained [kKN]  [KN] (Fsx) respect [kN] (F) respect obtained [kN]  [KN] (Fsx) respect [KN] (F ) respect

(Fsx) (Fi) (Fs%) (F)
Type 1 5.0 21.16 23.03 —-8.1% 22.22 —4, 8% - - - - -
Type 2 7.5 27.16 26.14 +3.9% 24.56 +9.5% 33.75 36.64 —7.9% 33.17 +1.7%
Type 3 10.0 35.30 35.69 —-1.1% 29.01 +21% 4435 44.57 —0.5% 42.36 +4.5%
Type 4 12.5 42.98 46.33 —7.2% 40.80 +5.1% 54.62 54.30 0.6% 51.55 +5.6%
Type 5 15.0 42.42 4434 —4.3% 40.37 +4.8% 58.85 56.77 +3.7% 54.35 +7.6%
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Fig. 9. Representation of the values calculated with the proposed model (line) and
experimental values obtained for sawn chestnut timber with different diameters.
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Fig. 10. Load values. Comparison of the predictions made with the proposed model
and the models of Rossignon et al. and the GSA-system for laminated spruce wood.

As has been indicated, the model proposed in Eq. (1) is based on
the average shear stress seen in the four wood species studied until
now: glulam from spruce and eucalyptus, and solid timber from
chestnut and tali. This study has been completed with the influence
of slenderness, which ranges from 5 to 18. The proposed model
agrees with the common behaviour pattern noticed and predicts the
joint’s strength with error ranges which are generally below 10%.

6. Conclusions
The experimental study of joints made with threaded steel

rods glued with epoxy in different types and species of wood
showed that the strength of the joint is conditioned by its

Slenderness (L/d)
+ Experimental results===0Otero et al—-Rossignon et al ---GSA-System

Fig. 11. Average shear stress in the joint. Comparison of the predictions made
with the proposed model and the models of Rossignon et al. and the GSA-system
for laminated spruce wood.

geometry and by the strength characteristics of the species of
wood used.

The comparative analysis of our test results showed a behaviour
pattern that is independent from the type of wood that is used,
qualitatively speaking. In this pattern, the strength of the joint
increases with the density of the wood being used, and the density is
likewise related to the strength characteristics of the type of wood in
question. The relationship between the increase in the load capacity
of the joint and the timber density does not show a linear trend.

For the geometric characteristics of the joint, the average shear
stress at which there is joint failure is drastically reduced for large
anchorage lengths; in other words, joints with longer gluing
length do not lead to higher joint strength.

The joints constructed with more dense types of wood are less
affected by the slenderness of the joint.

Finally, the comparison between our experimental results and
those obtained with the design model proposed here showed a good
agreement for different types of wood (sawn and glued laminated
timber) and for different species (coniferous and deciduous ones),
with a high range of densities. The prediction of the axial strength of
the joint can be obtained, for the tested combinations of material and
geometry parameters, from two parameters that are easily quantifi-
able: the slenderness of the joint and the density of the wood used.
More experimental work needs to be done to assess the predictions’
accuracy for different combinations of material and geometrical
parameters.
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