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Abstract: In Portugal, given the large proportions of natural regeneration pine stands, a large amount of young trees must be removed from the
forest, to assure the quality of mature trees and to decrease the risk of fire. With this problem in mind, a national study was launched to inves-
tigate the use of maritime pine small-diameter poles in structural applications. The study had two different tasks. The first task comprised the
determination of mechanical properties and the establishment of visual and mechanical strength grading procedures and is already completed.
The second task concerns the development of connections. This paper presents results within the second task. Three types of connections, re-
garding failure load and stiffness, were studied: connections using central plates; glued-in rods; and dowel nuts. The glued-in rods showed the
highest mean failure load and, especially, stiffness. Indeed, the glued-in rods showed a mean stiffness around six times higher than the one
obtained for the other studied connections. Additionally, the applicability of European Yield Model to estimate the failure load of these con-
nections is also discussed. DOI: 10.1061/(ASCE)ST.1943-541X.0000752. © 2013 American Society of Civil Engineers.
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Introduction

Usually, stands of Portuguese forest maritime pine (Pinus Pinaster
Ait.) are the result of natural regeneration. Therefore, pine stands
generally present a narrow spacing showing a large number of young
trees per hectare that, if removed indue time, could increase thequality
ofmature trees anddecrease the risk offire.With this problem inmind,
a study was launched to investigate the use of maritime pine small-
diameter poles for structural applications. The study had two different
tasks. The first task comprised the determination of the mechanical
properties, the establishment of a Portuguese visual strength grading
standard, and a proposal for a certification scheme to support the
grading process. The results of the first task, which can be found in
Morgado et al. (2009), showed the excellent mechanical properties of
small-diameter roundwood timber for structural application. The
second task concerns the development of connections to allow the
roundwood structural application. This paper presents the results
obtained within this second task.

Roundwood is a suitable material for trussed systems of, mainly,
roofs and bridges. In these structural applications the small sections,

length and weight, when compared with steel, can be an advan-
tage. Moreover, having in mind the current issue of sustainability,
roundwood is a renewable and environmentally friendly material.
Nevertheless, before the roundwood can be used to its full potential
in structural applications, suitable solutions for connections must be
found (Stern 2001).

The issue of developing efficient connectors for roundwood
elements has been the target of several studies. However, available
connections for roundwood are expensive, hard to implement, have
esthetic problems, andmust be designed for each particular case, not
allowing mass production of connections (Yeates 1999; Wolfe
2000).

In this study the main intended applications for the small-
diameter roundwood, as stated previously, will be in trussed sys-
tems. For this reason, connections that are suitable for this kind of
application will be the focus of the analysis. An extensive review of
roundwood connections is presented by Lukindo et al. (1997). From
that review, the connections that presented more potential for this
specific applicationwere the dowel nut and the central plate, because
they are suitable to transfer compression and tension stresses and are
also easily connected to nodes. In this study a third possibility was
considered on the basis of use of glued-in rods. This type of con-
nection has been tried in other applications and it fulfills the
requirements of the roundwood connections for this study. For these
reasons, configurations using glued-in rods were developed and
tested in this work. These three types of selected connections are
further detailed.

The connections with central plates require a slot across the
pole’s diameter to allow the insertion of the plate. The plate is then
connected to the pole through dowels or bolts. Bands or wires can be
placed around the connectors and the plate could be ridged to im-
prove the failure load (Lukindo et al. 1998; Lukindo et al. 1997;
Houtman et al. 1998). These connections have esthetic problems;
nevertheless, they have a good potential in terms of failure load, as it
can be easily improvedwith a higher number of fasteners or fasteners
with larger diameter.

The dowel nut connections are made with a through bolt, placed
in a longitudinal hole through the pole center, and a dowel nut,
placed transversely in the section, such as in the studies of Eckelman
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and Senft (1995) and Wolfe et al. (2000). Instead of a dowel nut
a metallic block can be used, as presented by Sluis et al. (1998).
These connections require a high level of precision to assure the
correct position of the longitudinal hole and the transversal hole.
The high level of craftsmanship involved in the manufacture of
this type of connection could be a disadvantage. On the other hand,
this type of connection has less visual impact than the central plate
connections.

The glued-in rods connections were studied mainly with glulam
(Chans et al. 2009). Only a few studies with roundwood elements,
using only one rod, can be found (Huybers 1996; Burton et al. 1998;
Vale et al. 2011). This type of connection requires a hole in the end of
the pole, where a steel rod is embedded, usually using an epoxy resin
as the bondingmedia. This adhesive is a good solution because of its
gap-filling properties. This connection has a superior esthetic when
compared with that of the previous connections, because the visible
metallic parts are much smaller. However, the failure of the con-
nection might be brittle if governed by the glue. Moreover, deep
holes require additional caution to assure that the air is not retained
within the hole.

On the basis of that previously stated, the three types of connec-
tions were studied, using Portuguese maritime pine small-diameter
roundwood. The configurations of the selected connections were
optimized for this application and are different from the ones pre-
sented in other studies. Furthermore, the application of the Euro-
pean Yield Model and other formulations indicated in Eurocode 5
[European Committee for Standardization (CEN) 2002] to these
connections are also discussed, to evaluate if they could be used to
estimate their failure load and stiffness.

Materials and Connection Description

The poles for the connections were placed in a climatic chamber and
were exposed to a relative humidity of 65% and 20�C of tempera-
ture, until the equilibriummoisture content was achieved. After that,
poles were randomly selected and 50 elements with a length of
600 mm and a diameter between 95 and 140 mm were obtained for
the central plate connections. Another 58 elements with a length of
600 mm and a diameter between 91 and 140 mm were obtained for
the dowel nut connections. Finally, 85 elements with a length of
400 mm and a diameter varying between 96 and 174 mm were ob-
tained for the glued-in rod connections. The segments were ran-
domly selected on the basis of their straightness and absence of deep
fissures or biological degradation.

A scheme of the central plate connections is presented in Fig. 1.
The configuration was defined to maximize the failure load of the
connections, but with a maximum length of 260 mm. To assemble
the connection, a slot with a length of 260 mm and a thickness of
10 mm across the element’s diameter was opened. This was per-
formed in both ends of the timber elements, assuring that the plates in
each end are aligned. After that, two transversal holes with a di-
ameter of 18 mm were made to place 18-mm bolts. The spacing of

the fasteners followed the requirements of Eurocode 5 (CEN 2002),
namely end distance of seven times the fastener diameter and an
inner spacing of five times the fastener diameter. The bolts had a
nominal strength of 800 MPa and were 200 mm in length, and
the plate had a section of 83 120mm and a nominal strength of
235 MPa.

The configuration of the studied dowel nut connection is pre-
sented in Fig. 2. This configuration, like in the previous typology,
is the one with maximum failure load that could be tested, assuring
the stated connection’s length. To assemble these connections, a
transversal hole of 30 mm diameter was made to place the 30-mm-
diameter dowel. The placement of the dowel followed the re-
quirements of Eurocode 5 (CEN 2002). So, an end distance of
seven times the dowel diameter was followed. Another longitudi-
nally centered hole of 18 mm diameter, meeting the transversal one,
was made for the 16-mm rod. This was performed in each end of the
timber elements, assuring that the dowels were aligned. The rod and
the dowel had a nominal tensile strength of 800 MPa and the length
of the rod was 330 mm, whereas the dowel had a length of 150 mm.
At themiddle of the dowel’s length a threaded holewas opened tofix
the rod.

For the glued-in rod connections, because the diameter of the
timber elements has direct influence in the number of rods and its
diameter, it was decided to maximize the failure load of the con-
nections. To this end a base configuration and two additional con-
figurations were tested. A scheme of the configurations is presented
in Fig. 3. This configuration consisted of four glued-in rods, with
metric thread, placed in timber elements whose diameter varied
between 120 and 140mm. The rods had a nominal tensile strength of
400 MPa and a failure load around 32 kN. The hole had a depth of
100 mm and a diameter of 12 mm, to assure a glue thickness around
the rod of 1 mm. This glue thickness was chosen to avoid excessive
deformation due to the glue. The epoxy glue Icosit K101 TW was
chosen because of its low viscosity. Aminimum spacing of 2.5 times
the rod diameter between the rod and the outer circumference of the
timber sectionwas used. Additionally, a spacing of five times the rod
diameter between rods, in a square configuration, was also assured.
These distances were based on those presented in a draft version of

Fig. 1. Central plate connection schematics

Fig. 2. Dowel nut connection schematics

Fig. 3. Glued-in rod connection schematics
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part 2 of Eurocode 5 (CEN 2003). The definition of the bonding
lengths were based on pullout tests that are presented in the next
section.

The two additional configurations were performed with rods of 8
and 12 mm diameter. These rods had a nominal tensile strength of
400 MPa and tension tests resulted in a failure load around 18.5 and
38.5 kN for the 8-mm rods and 12-mm rods, respectively. The
configuration of the rods was similar to the one presented before,
being the depth of the holes again 10 times the rod diameter and
the hole diameter 2 mm larger than it. The previously mentioned
spacings were also assured. For the connections with 8-mm rods,
timber elements with a diameter between 100 and 120 mm were

used, whereas the 12-mm rods timber elements had a minimum
diameter of 140 mm.

Experimental Procedure and Results

The study to investigate the bonding length of the glued-in rods
was done in 17 round timber elements with diameters between 186
and 241 mm, allowing that various pullout tests were performed
in each one. The timber density varied between 496 and 697 kg/m3.
In all tests 10-mm rods with a nominal tensile strength of 400 MPa
were used.

Holes of 12 mm diameter and 50, 75, 100, and 125-mm depth
were drilled in the timber elements, assuring a glue thickness of
1 mm around the rod. The holes were cleaned with air and the rods
were cleaned with acetone to prevent bonding problems. After that,
glue was inserted in the holes and then the rod, with a slow twist
movement to avoid air into the glue. The results of the tests, 72 h
later, are presented in Table 1.

The pullout tests with a depth of 50mmpresentedmainly failures
in the wood [Fig. 4(a)]. Nevertheless, in five tests the failure was in
the adhesive [Fig. 4(b)]. The tests with a depth of 75 mm presented
failures mainly by the rod (58%), the remaining failures being in the
wood (26%) and the adhesive (16%). In the tests with the depth of
100 and 125mm the failures were in only the steel rods. On the basis
of these results, it can be concluded that a bonding length of 10 times
the rod diameter assures a failure in the steel rod, which is a pref-
erable failure mode because of its ductile characteristics and low
variation in terms of failure load.

Prior to the test of the connections a hinge was placed in the plate
where the rods are threaded, to assure an equal force distribution in
the four rods (Fig. 5). After that, the connections were placed in a
testing machine to which the connections were attached and sub-
jected to tension. It is important to state that this test arrangement
allows the determination of the stiffness of two connections, but only
the failure load of one. The test procedure followed the indications
from the standard EN-26891 (CEN 1991). During the tests the load
and displacement of each connection were continuously recorded.
After the test, a full disk was cut from the middle of the timber
element of the connection to assess the density and moisture content
at the time of testing.

Fig. 4. Pullout test failures Fig. 5. Failure of a glued-in rod connection

Table 1. Results of Pullout Tests

Failure load (kN)

Depth (mm) Mean Max Min Std Number of Tests

50 23.82 30.65 19.21 3.33 22
75 30.54 32.50 26.55 1.31 38
100 31.37 33.85 28.63 1.16 36
125 31.67 32.85 30.59 0.67 20
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The failure of the glued-in rod connections, as expected, occurred
in the steel rod (Fig. 5), with the exception of one connection onwhich
therewas afissure next to a rod,which resulted in a failure in thewood.
The results of failure load (F) and stiffness (Ks), determined according
to EN-26891 (CEN 1991), together with density (r12) and moisture
content (w), are presented in Tables 2 and 3.

The failure of central plate connections occurred in the timber
element because of fissures next to the fasteners [Fig. 6(a)]. Despite
that, in connections on which the timber element had either a higher
density or a higher diameter, the yielding of the bolts was clear
[Fig. 6(b)]. Regarding the dowel nut connections, the failurewas due
to tension stresses perpendicular do the grain direction, which
caused severe splitting (Fig. 7). No plastic deformations could be
observed in the fasteners, either the dowel or the rod.

The results obtained for the central plate and dowel nut con-
nections are presented in Tables 4 and 5, respectively. Likewise in

the glued-in rod connections, some values of stiffness are not
presented because they could not be measured.

Discussion of Results

Comparing the failure load of the studied connections, presented
in Tables 3–5, it can be seen that the maximum failure load was
obtained for the glued-in rod connections with 12-mm rods. More-
over, the ultimate load of glued-in rods had a coefficient of varia-
tion (COV) much lower, between 1.5 and 3.2%, than that of the
remaining connections. This yields in a fifth percentile very close to
themean ultimate load, for the glued-in rod connections, whereas for
the remaining connections the fifth percentile of the ultimate load is
much lower than its mean value. Indeed, although the mean and
maximum failure load of the dowel nut and central plate connections
were higher than the ones obtained for the 8-mm glued-in rods, the
fifth percentiles of the failure load are similar.

The failure load of the central plate and dowel nut connections
had a COV of 16.3 and 21.9%, respectively. These results are higher
than those (4–11%) obtained for other types of timber connections
made with dowel-type fasteners (Kuilen 1999; Dias et al. 2007), but
close to 18%, which is the reference COV for the compression
strength of clear wood (USDA 2010). This is due to the fact that the
failure load of these connections was governed mainly by the wood
behavior.

To know which connection takes better advantage of the timber
elements, because the poles presented a large range of diameters, the
failure load expressed in terms of tension stress applied in the pole is
presented in Table 6. It can be seen that no significant difference
exists in the mean tension stress failure of the three types of con-
nections studied.

The fifth percentile of the failure tension stress obtained for these
connections is about 60–70%of the characteristic tension strength of
the lower grade of Portuguese maritime pine sawn timber [Instituto
Português da Qualidade (IPQ) 1995]. Based on this, it is expected
that the connections should not limit significantly the design of
a structure.

Comparing the values of stiffness (Ks), presented in Tables 3–5, it
is clear that the glued-in rods hadmuch higher stiffness than the other
connections. The stiffness also increases with the increase of the rod

Table 2. Density and Moisture Content of Timber Elements of the Glued-
In Rod Connections

r12 ðkg/m3Þ w (%)

f rod (mm) 8 10 12 8 10 12

Mean 554.6 573.0 571.5 13.2 13.3 13.2
Max 674.6 682.8 677.2 14.1 14.0 13.9
Min 465.1 417.0 506.0 12.1 12.0 12.2
Std 66.3 60.1 52.6 0.6 0.6 0.6
Number of tests 19 50 15 19 50 15

Table 3. Failure Load and Stiffness of the Glued-In Rod Connections

F (kN) Ks ðkN/mmÞ
f rod (mm) 8 10 12 8 10 12

Mean 74.1 126.5 155.3 109.2 128.2 171.6
Max 75.6 133.3 158.9 217.3 277.3 301.9
Min 71.5 111.9 151.0 48.7 55.6 103.2
P0;05 71.8 119.2 151.6 71.8 80.5 103.9
Std 1.1 4.0 2.2 46.9 47.1 54.7
COV (percentage) 1.5 3.2 1.4 42.7 36.7 31.9
Number of tests 19 50 15 28 84 24

Fig. 6. Failure of central plate connections
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diameter, as it should be expected. The central plate and dowel nut
connections showed similar stiffness values. The variability of the
values was high in all connections, the COV being between 31.6 and
42.9%. This result is higher than that (28%) obtained experimentally
for other types of timber connectionsmadewith dowel type fasteners
(Dias et al. 2010). This high variability could be justified by the

variability of the wood and the increased error that is obtained when
measuring such small displacements in real scale tests.

Regarding the load-deformation behavior, the central plate con-
nections were the ones with higher deformation for the maximum
load, presenting a mean value of 6 mm, followed by the dowel nut
connections with a mean ultimate load deformation of 4.4 mm. The
glued-in rods presented a much lower ultimate load deformation,
with a mean value of 1.4, 1.8, and 2.0 mm for the 8-, 10-, and 12-mm
rods, respectively. Moreover, the central plate connections were
also the ones with higher plastic deformation, whereas the dowel
nut connections presented almost no plastic deformations. This
was expected, because the failure was caused by splitting of the
timber with no yielding in the fasteners of the dowel nut
connection.

The possibility of estimating the mechanical properties of the
connections using correlations with the timber density was studied.
Hence, for the central plate connections, a coefficient of correlation
of 0.73 was obtained between the failure load and the density of
timber. Between density and stiffness (mean value of the two con-
nections per timber element) a coefficient of correlation of r5 0:46
was obtained. For the dowel nut connections, density showed
a correlation r5 0:56 with failure load and a correlation of r5 0:51
with stiffness. Regarding glued-in rods, no correlation between
stiffness and density and between the density and the failure loadwas
found.

Generally, density had a reasonable correlation with the me-
chanical properties of the connections, with exception of glued-in
rods. This can be justified by the fact that the strength and stiff-
ness of the glued-in rods connections are conditioned mainly by the
steel. Then, the timber properties had less influence in the con-
nections mechanical properties than in the other connections.

The European YieldModel formulations were also applied to the
central plate and dowel nut connections to estimate their failure load.
The model used was the double shear with a central plate. Three
failure modes, which are presented in Fig. 8, were considered: Fig.
8(a) embedding in the timber; Fig. 8(b) embedding in the timber and
yielding in the fastener, with formation of one plastic hinge; and
Fig. 8(c) embedding in the timber and yielding in the fastener, with
formation of three plastic hinges. The determination of the failure
load for each failure mode was performed considering the following
assumptions: (1) the thickness of the timber elements equal to half

Fig. 7. Failure of a dowel nut connection

Table 4. Failure Load and Stiffness for the Central Plate Connections

F (kN) Ks ðkN/mmÞ r12 ðkg/m3Þ w (%)

Mean 112.0 31.6 552.0 13.6
Max 154.6 69.1 677.4 14.4
Min 70.8 15.6 430.3 12.3
P0;05 78.5 20.1 461.5 12.7
Std 18.3 10.0 54.8 0.5
COV (percentage) 16.3 31.6 9.9 3.7
Number of tests 47 94 53 47

Table 5. Failure Load and Stiffness for the Dowel Nut Connections

F (kN) Ks ðkN/mmÞ r12 ðkg/m3Þ w (%)

Mean 94.9 29.3 558.4 13.7
Max 147.4 70.5 709.3 14.4
Min 52.2 15.1 445.6 12.8
P0;05 67.9 16.6 453.8 13.0
Std 20.8 11.9 63.4 0.4
COV (percentage) 21.9 40.6 11.4 2.9
Number of tests 58 113 58 58

Table 6. Failure Tension Stresses in the Studied Connections (MPa)

Glued-in rods (mm)

Central plate Dowel nut 8 10 12

Mean 10.9 9.8 8.0 10.1 8.7
Max 16.3 13.6 10.1 12.5 10.1
Min 5.6 6.1 6.5 7.5 6.4
P0;05 6.6 7.2 6.9 7.7 7.2
Std 2.4 1.7 1.0 1.3 1.1
COV (percentage) 22.0 17.3 12.2 12.2 12.2
Number of tests 47 58 19 50 15

Fig. 8. Failure modes
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of the timber element diameter less half the slot thickness, (2) the
washer (19.08 mm internal diameter and 33.68 mm external di-
ameter) completely in contact with the timber element surface, and
(3) a characteristic value of the compression strength perpendicular
to the grain equal to 6.9 MPa (IPQ 1995). Regarding the dowel nut
connections, the thickness of the timber elements was considered
equal to half of the timber element diameter less half the longitudinal
hole diameter.

To estimate the stiffness of the connections, the indications in
Eurocode5 (CEN2002) for dowels and bolts without clearancewere
followed. It is important to note that the Eurocode 5 gives only the
deformations due to embedment stresses in the timber. However, the
experimental stiffness obtained for the dowel nut connections
includes the deformation of the rod with 330 mm of length. For
a proper comparison, the deformation of the rod was added to the
deformation obtained from Eurocode 5.

The comparison between the experimental values and the ones
obtained through the previously mentioned models are presented in
Tables 7 and 8, for the central plate connections and the dowel nut
connections, respectively. Regarding the central plate connections, it
can be verified that the estimated load is, on average, 25.4% inferior
to the experimental values. The failure mode b was generally, the
governing one. Concerning stiffness, the estimated values were, on
average, 28.2% higher than the experimental ones.

For the dowel nut connections the estimated failure load was, on
average, 5.8% lower than the experimental values, the failure mode
a generally being the governing one. Regarding stiffness, the esti-
mated values were also, on average, 12.6% lower than the experi-
mental ones.

For the glued-in rod connection no models exist to estimate the
failure load. Nevertheless, for the studied configurations, an esti-
mated failure load was obtained by considering the failure of one
rod and the yield of the other three. Using this model, estimated
failure loads of 61.31, 104.58, and 128.51 kN were obtained for
the 8, 10, and 12-mm rod configurations, respectively. The esti-
mated failure loads are 17.3% lower than the mean experimental
failure values.

Regarding the stiffness of glued-in rods connections, an annex
from a draft version of part 2 of Eurocode 5 (CEN 2003) presented
an expression for the determination of Ks of each rod (Ks

5 0:005d1:8r1:5) having as input the rod diameter (d) and timber
density (r). Applying such expression, mean values of 11.1, 17.4,
and 24:2 kN/mm were obtained, for the glued-in rod config-
urations of 8, 10, and 12-mm rods, respectively. Comparing these
values with the ones presented in Table 3, it is clear that this
expression yielded much lower stiffness values than the experi-
mental counterparts.

Conclusions

This paper presents a study regarding the mechanical behavior of
three types of connections aiming structural applications with Por-
tuguese maritime pine roundwood small diameter poles: central
plate connections, dowel nut connections, and glued-in rod con-
nections. The latter uses three different rod diameters.

The glued-in rods connection showed a failure governed by the
steel for an adhesive layer thickness of 1mmand a bonding length of
10 times the rod diameter. This type of connection with 12-mm rods
showed the highest average failure load, with 155 kN and a mean
stiffness of 171:6 kN/mm. The failure of the central plate con-
nections was simultaneously governed by both the wood and the
steel, with a mean failure load of 112.0 kN and a mean stiffness of
31:6 kN/mm. In the case of dowel nut connections, the failure was
caused by splitting of the wood, presenting almost no plastic
deformations, with a mean failure load of 94.9 kN and a mean
stiffness of 29:3 kN/mm.

Despite the differences in the mean failure load of all types of
connections, the fifth percentile of the failure tension stress applied
in the timber element of the connections was similar, varying be-
tween 6.6 and 7.6 MPa.

The glued-in rod connections were the ones with lower mean
deformations for the maximum load, whereas the central plate con-
nections were those with the higher mean value. These connections
also underwent significant plastic deformation before failure.

The studied connections present a coefficient of variation of stiff-
ness between31.6 and42.9%.That coefficientwas lower for the failure
load (between 1.1 and 21.9%). Indeed, the glued-in rod connections
showed the lower failure load coefficient of variation, from1.4 to 3.2%,
yielding a fifth percentile value very close to the mean value.

The European Yield Model formulations were applied to the
central plate and dowel nut connections. On the basis of the obtained
results it is possible to state that this model could be applied, with
acceptable errors, to estimate the failure load of the dowel nut
connections. On the other hand, the estimated failure load for the
central plate connections was simulated with a higher average error
equal to 25.4%. It is also important to note that the simulated failure
loads were, generally, lower than the experimental ones.

The formulations of the Eurocode 5, regarding stiffness, were
applied to the central plate and dowel nut connections. It was con-
cluded that the model can be applied, with acceptable errors, to es-
timate the stiffness of the dowel nut connections. Regarding the
central plate connections, the Eurocode 5 model provided neither
accurate nor safe values for the stiffness. Therefore, more tests
should be performed to better understand the higher errors obtained
in both the stiffness and failure load, for this connection. The present
version of Eurocode 5 does not prescribe any calculation models for
the glued-in rods. Therefore, a model was suggested for the failure
load of the connections considering the failure of one rod and the
yield of the other three. The simulated results showed that the as-
sumed model gives, with moderate error, conservative values.

Table 7. Comparison between Experimental and Estimated Values for
Central Plate Connections

Central plate connection

F exp.
(kN)

F est.
(kN)

Ks exp:
ðkN/mmÞ

Ks est:
ðkN/mmÞ

Mean 112.0 83.6 31.6 40.5
Max 154.6 96.2 69.1 55.2
Min 70.8 67.8 15.6 27.9
Std 18.3 5.5 10.0 6.0
Number of tests 47 47 47 47

Table 8. Comparison between Experimental and Estimated Values for
Dowel Nut Connections

Dowel nut connection

F exp.
(kN)

F est.
(kN)

Ks exp:
ðkN/mmÞ

Ks est:
ðkN/mmÞ

Mean 94.9 89.4 29.3 25.6
Max 147.4 126.5 70.5 33.0
Min 52.2 62.0 15.1 19.7
Std 20.8 15.2 11.9 3.2
Number of tests 58 58 113 58
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Among the three types of studied connections, the glued-in rodwas
the one that showed, clearly, better performance, in terms of ductility,
load-carrying capacity, or stiffness. This type of connection presented
a ductile behavior, highermean failure load and stiffness, and, because
of its low failure load variation, a high fifth percentile failure load. As
a result, although the other types of connections presented mean
failure load higher than the 8-mm glued-in rods did, the fifth per-
centiles are similar. This is particular significant once the mechanical
performance improved significantly when 10- and 12-mm rods were
used. Moreover, the glued-in rods connections are easier to assembly
than the other studied connections and with less visible metallic parts,
which results in a more visually appealing connection.
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