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Abstract: The present study deals with the innovation and the possibilities of improving the design
solution of a frame connection for two selected types of fasteners. All specimens were made of
glued laminated timber. Dowel-type mechanical fasteners, a combination of bolts and dowels, and
full-threaded screws were used for the connection. The main goal of this research was to replace the
typical solution (common dowel-type fasteners) with a more modern, faster, and easier solution in
order to improve the load-carrying capacity, ductility, and deformation capacity of this type of frame
connection. This article also aimed to provide a detailed evaluation of the mechanical properties of
the used glued laminated timber and fasteners in order to comprehensively evaluate the research
task. For the design solution, a frame connection created from a system of two struts and a partition
was chosen as the basis of the experimental program. Dowel-type mechanical fasteners, as well
as combinations of bolts and dowels, were used for the connection; however, in addition to these
standardly used mechanical fasteners, full-threaded screws were used. The article describes the
use of static destructive testing to determine the ductility of the connection, considering different
variations in the strengthening of the individual segments of the mentioned connection means. In the
first variation, the individual components of the frame were not reinforced in any way. In the second,
the crossbar was reinforced with two full-threaded bolts. In the third, the webs and the crossbar were
reinforced with two full-threaded bolts. In the article, these ductility values were compared with
each other and the procedure was set by the currently valid standard.

Keywords: ductility; load capacity; timber; frame connection; screws; bolts and dowels; glued-
laminated timber

1. Introduction

Timber is an important building material for the sustainability of the construction
industry. The diagnostics of existing structures is related to the testing of their mechanical
properties [1]. The current possibilities of timber processing also allow the design of
multistory buildings [2] or long-span structures [3], where it is necessary to respect the
experience gained from previous accidents and structural failures [4]. For timber and
timber structures, the use of experimental tests of structural details [5,6] or structural parts,
e.g., whole frames [7], is very important. For example, the use of numerical modeling based
on the finite element method is also very important [8,9]. Interesting and important recent
experiments were also presented in [10].
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The ductility of the connection is also an important requirement in the design of
structures. Eurocode 5 [11] requires a ductile redistribution of internal forces in the joint.
Unfortunately, there is not a sufficient specified ductility at which there would be no
premature splitting of the connection, i.e., collapse. Ductility can be understood as the
ability to achieve large deformations without incurring a significant loss of load-bearing
capacity and damage, such as a connection or structural element. This property is difficult
to achieve without reinforcement, especially when the timber elements are loaded by
bending, tension, or shearing. Large deformations can only be achieved in timber elements
under compressive loads. In addition to large deformations of timber elements, large
deformations can also occur in connections. A typical example would be a connection with
one slim fastener, provided that the connection is properly designed against brittle failure.
It is important to note that the redistribution of internal forces due to ductility is related to
the depressed zone of the timber. Timber is broken by brittle failure under tension; hence,
the plasticization of timber under bending requires significantly higher tensile strength
than compressive strength. This would be the case for pure timber mass, but structural
timber has imperfections such as knots; thus, the plastic effect is difficult to achieve. This
is only possible if the timber defects are only in the pressure zone. A suitable means of
achieving said plasticization is the use of reinforcement. For connections in which it is not
possible to achieve the required level of ductility of the connection, various methods of
reinforcement against brittle failure by shear or tension perpendicular to the grain have
been proposed. It is possible to use construction screws, steel sleeves, glued rods, and the
like. In the case of a frame connection, it is possible to use designed reinforcement with
full-threaded screws located according to Figure 1.
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Figure 1. Reinforcement of the frame connection from the point of view of increasing the ductility of
the connection.

Many scientists are trying to identify design connections with high ductility. These
connections are not prone to unexpected brittle failure [12]; furthermore, due to their
deformation capacity, they allow the required redistribution of internal forces within a
static system. In the currently valid standard EN 12512 [13] in Europe, the method of
calculating the ductility of the connection is based on the work of Kawai (1998) [14].
Karacabeyli and Ceccotti (1998) [15] characterized the acquisition of connection ductility
using a relatively simple method, which differs from the currently valid standard. Stehn
and Johansson (2002) [16] performed experiments, on the basis of which a model describing
the ductility of the connection was proposed. They defined it as the ratio between finite
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and elastic deformation. The descriptive model of ductility was compared with the plastic
theory of the European Yield Model (EYM), i.e., the standard. Ductility was also addressed
by Smith (2006) [17], who established an approach for classifying connections on the
basis of ductility, according to the ratio between yield stress and ultimate stress. Muñoz
(2008) [18] distinguished between relative and absolute definitions, which could be based
on either deformation or energy. Jorissen and Fragiacomo (2011) [19] presented their results
in an article where they tested a simple statically indeterminate structure with different
reinforcements for the full development of plastic connections. These results were obtained
by way of energy dissipation under cyclic loading. Malo (2011) [20] published a procedure
for characterizing the response of components. The procedure was based on the separate
processing of linear and plastic deformation. Each type of deformation was presented
by analytical relations obtained by regression. Blaß and Schädle (2011) [21] published an
article comparing the ductility of reinforced and nonreinforced connections with metallic
mechanical fasteners. In his experiments, Brühl (2011) [22] investigated the influence of
deformation properties and ductility on the redistribution of internal forces of a tensile
connection loaded parallel to the grain. In this work, the correct placement of the reinforcing
screws proved to be advantageous, and the distance between the connecting means was
a suitable advantage. Brühl (2014) [23] extensively presented various findings dealing
with the calculation of connection ductility according to different approaches. Additional
studies involved in reinforcing the link against brittle breaches and establishing ductility
were presented in [24–26].

The serviceability, capacity, and durability of the structures depend not only on the
surrounding environmental conditions, but also on the execution quality of individual
connections between elements [27].

For example, screws, bolts, and dowels are some of the most popular fasteners in
timber constructions. They are easy to use, cheap, and affordable everywhere. In order
to effectively apply dowel-type connections, it is crucial to understand their mechanical
behavior under load, such as the relationship between load and deformation, stress distri-
bution, or failure mode. The mechanical behavior of the connections of timber structures is
a complex problem that affects a number of factors. Connection geometry (the spacings
between fasteners, edges, and end distances) [28], [29] material characteristics (timber
species) [30], and the method of loading are the most important factors.

The present study is devoted to the experimental determination of the ductility of
a semirigid connection in which different variations of the reinforcement of individual
segments of the structure were used. The study of the frame connection was performed
in experiment A using a combination of bolts and dowels and in experiment B using
high-strength full-threaded bolts. The fasteners used in experiment A are commonly used
in practice, representing a standard combination. Knowledge of the design of such a frame
connection can be found in the literature [31]. However, in experiment B, coupling agents
were used, which is not common in practice. The presented article is the follow-up of a
previous study [32].

2. Materials and Methods
2.1. Description of Construction, Materials, and Geometry

The arrangement and loading of the test specimens and experiments were designed to
correspond to the actual state of the connection in a real load-bearing structure. Timber
with strength grade GL24h was used for the experiments. These mechanical properties
were confirmed by a four-point flexural strength test (Figure 2). A total of 18 planks were
cut from the damaged experiments of structures (frame connection) after testing. The
nominal dimensions of the specimen were as follows: length, 750 mm; width, 100 mm;
height, 30 mm. The specimen was placed on a support with a span of 630 mm and a
distance of the applied force from the support on both sides of 225 mm. The loading was
performed with a force value of 1.50 kN/min. Table 1 shows the results of the four-point
flexural strength test.
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Figure 2. Four-point flexural strength test: (a) test scheme; (b) before test; and (c) after test.

Table 1. Results of the four-point flexural strength test (GL24h).

Parameter Value Unit

f m (average) 54.81 MPa
f 05 40.35 MPa
kn 0.70 -
kv 1.12 -
kh 1.30 -
f k 24.34 MPa
ρm 426.00 kg/m3

max 79.74 MPa
min 34.97 MPa

Standard deviation 9.29 MPa
Coefficient of variation 0.17 -
Number of specimens 18 pcs

The nomenclature and units are in accordance with the standard EN 384 [33]: f m
flexural strength (MPa); f k characteristic value of flexural strength (MPa); f 05 5% flexural
strength quantile from tested selection (MPa); kn factor taking into account the number of
selections and their size (-); kv factor taking into account the lower variability of machine-
sorted wood (-); kh height conversion factor, reference height 150 mm (-); ρm measured
average wood density of tested samples (kg/m3); kn, kv, kh are non-unit parameters
specified by standard EN 384 [33]. The max and min values represent the maximum
and minimum values of the achieved flexural strength of the individual tested specimens
for the four-point flexural strength. A total of 18 samples were tested, from which the
standard deviation and coefficient of variation were calculated.

Figure 3 shows the individual load–displacement diagrams of the specimens during
the four-point flexural strength test.
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Another laboratory test of timber properties involved the determination of embedment
strength and compressibility characteristics for dowel fasteners (Figure 4). This test also
confirmed the strength class of the timber. A total of 14 such tests were performed. The
nominal size of the specimen was 80 mm wide, 80 mm high, and 40 mm thick. A 16 mm
diameter hole was drilled in the specimens and loaded with a 14 mm diameter dowel. The
load was chosen to be deformed with a set value of 1 mm/min. The test procedure was
performed according to EN 383 [34].
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Figure 4. Laboratory test of determination of hole wall strength and compressibility characteristics
for dowel fasteners: (a) test sample during the test, (b) test samples after the test.

Figure 5 shows the individual load–displacement diagrams of the individual speci-
mens during tests for the timber hole wall strength and compressibility characteristics for
dowel fasteners.
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characteristics for dowel fasteners.

Almost all specimens (12 specimens) were broken by splitting during testing. Testing
of two specimens was completed at a deformation value of 5 mm. The test results are
shown in Table 2. Accordingly, it was possible to verify the actual value of the embedment
strength of the timber. The table also contains the value obtained using Eurocode 5 [11]
in the first column. This value is important for the correct design of each connection of
timber structures.

Table 2. Results of the laboratory tests for the determination of hole wall strength and compressibility
characteristics for dowel fasteners.

Standard
EC5 Average Max.

Value Min. Value Standard
Deviation

Coefficient
of Variation

29.58 MPa 38.95 MPa 44.25 MPa 33.73 MPa 2.71 MPa 0.07

Two types of fasteners were used to make the connection. The first type was a threaded
rod. The outer diameter of the threaded rod was 8 mm, and the core diameter was 7.25 mm.
The length of the threaded rod 360 mm served as a bolt, and the length of 300 mm served as
a dowel in the connection. The second type was a full-threaded screw. The outer diameter
of the screw was 8 mm, and the diameter of the screw core was 5 mm. The length of
the screws was 300 mm. The mechanical properties of the fasteners were also verified by
laboratory tensile strength test (Figure 6). The results obtained by the tear tests are shown
in Table 3.
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Figure 6. Tension test: (a) threaded rod; (b) full thread screw; and (c) test specimens.

Table 3. Evaluation of the tension test of fasteners.

Type Strength Value Standard
Deviation

Coefficient of
Variation

Threaded rod f u 953.76 MPa 23.52 MPa 0.025
Full-threaded

screws f u 1085.99 MPa 38.81 MPa 0.036

A total of six specimens were tested for each type of fastener. The load–deformation
diagrams of the individual tests are shown in Figure 7.
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Figure 7. Load–displacement diagrams of fasteners: (a) threaded rods; and (b) full-threaded bolts.

Tensile strength in the range of 912.88 MPa–977.96 MPa was achieved in the case of
bolts. The course of the loading was very similar for all specimens. The area of linear
loading and the subsequent formation of plastic deformations are well observable from the
load–deformation curves. Tensile strength in the range of 1056.26 MPa–1142.25 MPa was
achieved in the case of full-threaded screws. The course of the loading was very similar to
the previous test.
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The timber structure system of the experiment was created from a semirigid connection
of two frame struts and a crossbar. In total, two identical construction systems were created,
the only difference being the fastener used. Experiment A contained a combination of bolts
and dowels as fasteners, and the second experiment (B) involved full-threaded screws.
The strut segment had a cross-section of 100/300 mm, and the cross-member segment had
a cross-section of 100/300 mm. The arrangement of fasteners in both experiments was
identical. They were located on one symmetrical circle with a radius r = 90 mm with a
number of 10 pieces. The arrangement of the connecting means is shown in Figure 8. The
selected geometry met the basic conditions of the distance from the edges and between
the connecting means given by Koželouh (2004) [35]. The figure below also shows the
reinforcement of the individual segments. The reinforcement was made using two full-
threaded screws inserted next to each other on one segment of the structure with a diameter
of 8 mm and a length of 300 mm. The deployment was performed on the basis of analytical
assumptions of the action of the highest tensile stresses perpendicular to the fibers.
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Figure 8. Deployment of fasteners.

In order to perform these experiments, it was necessary to create the boundary con-
ditions of the structure. To ensure the correct boundary conditions, a steel structure was
designed, calculated, and made into a steel plate of the desired shape, which was fastened
by means of bolts and into which semirigid connection struts were subsequently fastened
by means of 24 bolts with a diameter of 8 mm. This connection was precalculated and
designed to be four times the estimated force that would cause the connection to collapse.
The entire steel structure was placed on a reinforced concrete floor and centered at the
required distance from the press head so that the press would push exactly to the desired
location on the front. A schematic representation of the experiment is shown in Figure 9.
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Figure 9. Schematic of the experiment and support detail.

2.2. Description of Test Equipment

Experimental testing was performed on a LabTest 6.1200 electromechanical tester from
Labortech, Opava Czech Republic [36]. This test equipment allows tensile, compressive
static, and cyclic dynamic testing. On the test equipment, it is possible to perform the tests
using a deformation load, with a speed ranging from 0.0005 mm/min to 250 mm/min, or
using a force load up to 1200 kN with a measurement accuracy of 1%. The control of the
test equipment is ensured by a PC with software Scia Engineer 20, Czech Republic [37].

2.3. Description of the Static Test Load

The loading of the test specimens was static according to Figure 10 until the specimens
failed. During testing, there was continuous a recording of time, force, deformation, and
displacement of the press head. The loading process was performed in accordance with
standard EN 26891 [38], which specifies the loading procedure for the experimental testing
of connections of timber structures. This standard specifies the following loading procedure:

• Estimation of the maximum load Ftest for the tested connection type based on experi-
ence, calculation, or preliminary tests;

• Loading of the test specimen at a level of 40% of the Ftest value, held for 30 s;
• Loading of the test specimen to a level of 10% of the Ftest value, held for 30 s;
• Continuous loading until specimen failure.

Table 4 shows the values determining the course of each experimental load. The Ftest
value was calculated as the characteristic load capacity (without the use of partial material
reliability factors γm and the γcon connection). The characteristic load capacity of one
fastener was calculated according to Eurocode 5 [11]. The individual steps, the size of the
load, and the load speed were determined according to the EN 26891 standard [38].

The loading rate was chosen to be constant in kN/min. The total testing time of one
specimen was 15 min. The data in Table 4 are graphically shown in Figure 10.
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Table 4. The test course of the experiment setup.

Loading Step
Bolts and Dowels

From–To
(kN)–(kN)

Full-Threaded Screws
From–To

(kN)–(kN)

Step 1 0 6.08 0 4.90
Step 2 Hold Hold
Step 3 6.08 1.52 4.90 1.23
Step 4 Hold Hold
Step 5 1.52 10.63 1.23 8.58
Step 6 10.63 15.19 8.58 12.26

2.4. Experimental Testing

Individual experiments were tested at the Center of Building Experiments and Diag-
nostics, Faculty of Civil Engineering VSB, Technical University of Ostrava, Czech Republic.
Figure 11 shows experiment A (a) using a combination of bolts and dowels and experiment
B (b) using a full-threaded bolt before static loading. This image shows the unreinforced
experimental specimens. The reinforced experimental segments are shown in Figure 12. In
Figure 9, an arrow with force F is schematically shown. In fact, the load was applied by
means of a steel cylinder with a diameter of 100 mm, and a rubber washer with a thickness
of 10 mm was inserted under this steel cylinder to limit the local damage to the wood by
the load. The load area of the steel plate corresponds to a typical design. The load area, e.g.,
corresponds to the load column.
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Figure 12. Illustration of the reinforcement of segments of individual experiments: (a) reinforcement
of the rung; and (b) reinforcement of the rung and struts (stands).

3. Results
3.1. Results of Experiments

Figure 13 shows the broken individual reinforced and nonreinforced experiment A
specimens, using bolts and dowels, after the static loading test. Figure 14 shows the
failure of the individual reinforced and nonreinforced specimens of experiment B, using
full-threaded bolts.

Figure 15 shows the load–deformation curves of experiment A, using bolts and dowels,
with a variation of the reinforced and nonreinforced segments of the semirigid connection.
Figure 16 shows the load–deformation load curves of experiment B, using full-threaded
bolts, with a variation of reinforced and nonreinforced segments. These figures also show
the individual limit state levels, where ULS represents the calculated value for the ultimate
limit state, and SLS represents the calculated value for the serviceability limit state according
to Eurocode 5 [11].
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The ultimate limit state (ULS) was calculated using partial reliability factors, i.e., γcon for
joints and kmod, γM for wood. The serviceability limit state (SLS) was calculated in the same
way without considering partial reliability factors; therefore, the resulting load capacity
was higher.

The results of individual tests are recorded in the tables below. Table 5 presents the re-
sults of the semirigid connection of experiment A, using bolts and dowels. Table 6 presents
the results of experiment B, using full-threaded screws. The first column (Test) in the tables
indicates the individual test, with test 1 corresponding to the nonreinforced segments, test
2 corresponding to the reinforced cross-member (rung), and test 3 corresponding to the
reinforced cross-member and struts. The second column (Fmax,test) describes the maximum
value reached under load. The third column (Fmax,d) shows the load capacity value at
the load limit state according to Eurocode 5 [11], and the fourth column (Fmax,k) shows
the load capacity value at the serviceability limit state according to the Eurocode 5 [11].
The fifth column (d) is the ratio between the ultimate limit value and the value achieved
by testing, and the sixth column (k) shows the ratio between the serviceability limit state
and the value achieved by testing. The seventh column (u) shows the maximum vertical
deformation of the free end of the cross-member, and the last column (ε) shows the ratio
between the deformation of individual variations of reinforcement where the value of the
unconsolidated specimen is taken as the basic value.

Table 5. Results of experiment A, using bolts and dowels.

Test Fmax,test
(kN)

Fmax,d
(kN)

Fmax,k
(kN)

d
(-)

k
(-)

u
(mm)

ε
(-)

A1 22.29
8.51 12.26

2.62 1.82 290.60 -
A2 25.27 2.97 2.06 398.85 1.37
A3 25.22 2.96 2.06 457.05 1.57
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Table 6. Results of experiment B, using full-threaded screws.

Test Fmax,test
(kN)

Fmax,d
(kN)

Fmax,k
(kN)

d
(-)

k
(-)

u
(mm)

ε
(-)

B1 24.72
10.52 15.19

2.35 1.63 290.50 -
B2 24.79 2.36 1.63 34.95 1.26
B3 24.33 2.31 1.60 408.18 1.41

3.2. Ductility Calculation of Frame Connection

Thanks to the knowledge given in the standard, it was possible to determine the
ductility of individual connections. The biggest problem when calculating ductility is
calculating the yield strength of the connection. In this case, the procedure according to EN
12 512 [13] was used to calculate the yield strength

The procedure consists of obtaining deformation at the yield strength of the connection.
This is then divided by the deformation at the failure limit, thus enabling one to obtain the
ductility value of the connection and then classify the connection. Figure 17 shows a graph-
ical method of obtaining the yield strength of a connection formed from bolts and dowels.
Figure 18 shows a method of obtaining the yield strength of a connection formed from
full-threaded bolts. The ductility of the connection was determined according to Table 7.
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(a) (b) 

Figure 17. Graphical representation of the yield strength of a connection formed from bolts and
dowels according to EN 12512: (a) unreinforced specimen; (b) reinforced partitions; (c) reinforced
rung and struts (stands). Kα, stiffness of the connection at the yield point; Kβ, stiffness of the
connection at the ultimate point; α, slope of the curve at the yield point; β, slope of the curve at
the ultimate point; uy, deformation at the yield point; uu, deformation at the ultimate point; uf,
deformation at the failure point; Fy, force at the yield point; Fu, force at the ultimate point; and Ff,
force at the failure point.
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Figure 18. Graphical representation of the yield strength of a connection formed with screws accord-
ing to EN 12512: (a) unreinforced specimen; (b) reinforced partitions; and (c) reinforced rung and
struts (stands).

Table 7. Ductility classification according to standard and research article.

Classification Ductility Ratio
(EN 12 512 [13])

Class
(Smith (2006) [17])

Brittle Di ≤ 2 1
Low ductility 2 < Di ≤ 4 2

Moderate ductility 4 < Di ≤ 6 3
High ductility Di > 6 4

The results of the calculated values of ductility and classification are contained in Table 8.
Another method used to obtain ductility is that described by Yasamura and Kawai

(1998) [14]. This method is very similar to the method described in EN 12512 [13]. The
difference, however, is in obtaining the yield point; in this method, the deformation at the
yield point is subtracted by intersecting a horizontal line with the working diagram of
the connection. In the standard method, this value is read by crossing a vertical line with
a working diagram. Figures 19 and 20 show a graphical method for obtaining ductility
according to Yasamura and Kawai (1998) [14].
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Table 8. Comparison of ductility results of experiments.

Method Type of
Fastener Test uy

(mm)
uf

(mm)
Di
(-) Classification

EN 12 512
[13]

Bolts
and

dowels

A1 40 284 7.05 4
A2 50 393 7.86 4
A3 58 458 8.64 4

Full-
threaded
screws

B1 78 289 3.71 2
B2 95 366 3.85 2
B3 96 407 4.24 3

Yasamura
and

Kawai
1998
[14]

Bolts
and

dowels

A1 150 284 1.89 1
A2 173 393 2.27 2
A3 189 458 2.42 2

Full-
threaded
screws

B1 178 289 1.62 1
B2 179 366 2.05 2
B3 194 407 2.10 2

Karacabeily
and

Ceccotti
1998
[15]

Bolts
and

dowels

A1 75 289 3.79 2
A2 91 366 4.32 3
A3 97 407 4.72 3

Full-
threaded
screws

B1 102 289 2.83 2
B2 98 366 3.73 2
B3 118 407 3.45 2
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Figure 19. Graphical representation of the yield strength of a connection formed from bolts and
dowels according to Yasamura and Kawai (1998): (a) unreinforced specimen; (b) reinforced partitions;
and (c) reinforced rung and struts (stands).
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Figure 20. Graphical representation of the yield strength of a connection formed with screws ac-
cording Yasamura and Kawai (1998): (a) unreinforced specimen; (b) reinforced partitions; and
(c) reinforced rung and struts (stands).

Another method for comparing results is that described by Karacabeily and Ceccotti
(1998) [15]. Obtaining the yield strength in this process is very easy. The yield point
deformation is located at 50% of the load capacity. The carrying capacity is the mean
value of the actual failure of a connection. Figures 21 and 22 show a graphical method for
obtaining ductility according to Karacabeily and Ceccotti (1998) [15].
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Figure 21. Graphical representation of the yield strength of a connection formed from bolts and
dowels according to Karacabeily and Ceccotti (1998): (a) unreinforced specimen; (b) reinforced
partitions; and (c) reinforced rung and struts (stands).
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cording Karacabeily and Ceccotti (1998): (a) unreinforced specimen; (b) reinforced partitions; and
(c) reinforced rung and struts (stands).
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4. Discussion

When testing the experiments of structures in the early phase of loading, the individual
connecting means were activated (seated). This initial consolidation was detected on the
load–deformation diagram by its concave curvature and gradual increase in stiffness,
i.e., strengthening. Gradual loading caused the timber mass to be embedded around the
connecting means due to them pushing into the timber. This phenomenon can be seen in
Figures 13 and 14.

When testing the specimens without reinforced segments, a crack occurred during
loading, which appeared in both specimens in the cross-section. Its formation was due
to the tensile stress acting perpendicular to the fibers; in this direction, the timber had its
lowest load-bearing capacity. The formation of this crack had a relatively loud accompani-
ment during loading for both specimens, which gradually lost their bearing capacity and
thus collapsed.

The testing of the specimens with a reinforced cross-member resulted in the failure of
the strut by tensile stress perpendicular to the fibers, thus breaking the connection. Crack
formation was initiated abruptly without previous sound signals during loading. From the
point of view of load-bearing capacity, the gradually consolidated specimen with bolt and
dowel fasteners (experiment A) achieved a 10% increase in load-bearing capacity. However,
the maximum load level was equal to the connection created using full-threaded bolts
(experiment B). The course of the load–deformation curve had an increasing trend in the
specimen with bolts and dowels, followed by the sudden failure of the strut. In contrast,
upon strengthening the cross-section in the screw connection, the load–deformation curve
first showed an increasing trend with a clearly visible peak load, followed by a significant
decrease in stiffness due to the crack, as well as a reduction in load-bearing capacity and
subsequent collapse.

When testing specimens with reinforced rounds and struts (stands), the rounds were
broken, especially in the area of reinforcement. During the testing of the bolt and dowel
specimen, the load-bearing capacity also increased compared to the unreinforced specimen
to the level seen with the screw fastener. The load–deformation curve had an increasing
trend with a peak at which a crack appeared in the cross-member, followed by the sub-
sequent collapse of the connection. In contrast, there was no increase in the load-bearing
capacity of the unreinforced specimen in the connection with the bolts; with the formation
of a crack in the cross-section, there was a decrease in stiffness and load-bearing capacity,
but the connection was able to withstand the load.

The achieved results of the calculation for individual types of connections, including
the final ductility values, are shown in Table 8. In this table, uy denotes the calculated yield
stress, uf denotes the failure limit deformation, and Di denotes the calculated ductility value
for the connection; the connection is classified in the last column, according to standard EN
12512 [13] for individual calculation methods. According to this standard, a classification
of 1 indicates a brittle connection, whereas a classification of 4 indicates a connection with
high ductility.

From the above results, it is possible to observe an interesting comparison of individual
access methods. In the method determined according to EN 12 512 [13], the connection
made using bolts and dowels was classified during all degrees of reinforcement into
the highest possible ductility class 4, compared to the connection made using screws.
This was reduced to class 3 by gradual consolidation. Even when looking at the load–
deformation curve of the bolt, brittle failure of the connection was indicated, whereas after
the calculation, the opposite was true. The relatively low value of deformation at the yield
point led this connection to a high value of ductility. In contrast, the screw connection
induced the ideal course of a very ductile connection with its maximum load-bearing
capacity and a consequent decrease in stiffness and load-bearing capacity. However, the
deformation ratio at the yield point was less favorable in this case than the previous type of
connection; therefore, its classification from a ductility point of view was lower.
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According to the method of Yasamura and Kawai (1998) [14], the method of obtaining
the yield strength of the connection is a bit stricter, thus classifying all types of connection at
a very low level in terms of ductility. Specifically, the connection created with the bolts and
dowels was degraded from class 4 to class 1 for the unreinforced specimen and class 2 by
consolidation. This reduction in the ductility class also applied to the connections formed
with the screws. Specifically, it was degraded from class 2 for the unreinforced specimen
to class 1, indicating a brittle connection. With gradual consolidation, it returned to class
2, indicating a connection with low ductility. This ductility classification is significantly
different from the standard classification and classifies a very high ductility connection as a
brittle connection, which is counterproductive.

The method described in the work of Karacabeyli and Ceccotti (1998) [15] is one of the
simplest methods for determining the yield strength of a connection in terms of difficulty.
However, this method also degrades both types of connections to a lesser level, but not
as drastically as the method of Yasamura and Kawai (1998) [14]. Specifically, a degraded
connection was formed using bolts and dowels, achieving class 2 for the unreinforced
specimen. By gradually strengthening this connection, the level of ductility was increased
by one degree to class 3, indicating a connection with medium ductility. The unreinforced
connection created from the screws remained at class 2 even after classification by this
method. However, this connection was no longer able to reach a higher level of ductility
even upon gradually strengthening the segments.

According to the data obtained, the test with reinforced segments, i.e., C, was classified
as described below. The connection created with bolts and dowels achieved classification
classes of class 4, 2, and 3. Accordingly, it is theoretically possible to classify the connection
as class 3, indicating a connection with moderate ductility. The connection created with
screws ranged from class 3 to 2 according to individual methods. Accordingly, it is also
possible to draw a theoretical conclusion that the joint can be classified as class 2, indicating
a low-ductility connection. It should be noted that the only valid method is classification
according to EN 12 512 [13]; the other methods were selected as alternative methods for
comparison. The testing of experiment A, using bolts and dowels, confirmed the safety
and reliability of these standard fasteners in forming a semirigid connection. Testing
showed that the most effective approach is to strengthen both segments of the semirigid
connection, i.e., struts (stands) and rounds. By such reinforcement, increased deformation
of the connection was achieved before collapse, leading to a more reliable and safer design
of such a structure.

5. Conclusions

This article focused on the issue of semirigid connections of timber beams and struts
connected by mechanical means of the dowel type. Specifically, three specimens were tested
by static load testing with bolt and dowel combination fasteners, while three specimens
were tested with full-threaded bolts. This study required the creation of analytical assump-
tions, which were the basis for the design of experimental tests, followed by a comparison
of the results.

The experimental testing of the connection formed from a standard combination
of bolts and dowels (experiment A; Figure 15), without reinforced segments, proved
its reliability and safety. The connection collapsed at 2.62 times the design load value
determined according to Eurocode 5 [11]. Although the primary goal of reinforcing the
façade is to achieve greater deformation, i.e., ductility, before collapse, there was a slight
10% increase in load-bearing capacity over the unreinforced specimen. With this increased
increase in load-bearing capacity, the threaded rod in experiment A was compared to the
full-threaded bolt in experiment B. Upon strengthening the individual segments, there
was no increase in the ductility class. This connection was always classified according
to EN 12512 [13] in the highest class (class 4), indicating a connection with high ductility.
This was due to the specimen’s low deformation at the yield point and high deformation
during collapse.
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The experimental testing of the connection formed from full-threaded screws (experi-
ment B; Figure 16) proved its safety and reliability for normal use in practice. This is because
a semirigid connection made using full-threaded screws is not commonly used in practice.
The connection broke at 2.35 times the design load value determined according to Eurocode
5 [11]. The strengthening of the round did not increase the load-bearing capacity of the
connection, but there was a 1.26-fold increase in vertical deformation, and the strengthening
of the round and the struts resulted in a 1.41-fold increase in deformation compared to the
unreinforced specimen. From the point of view of the ductility classification according to
the EN 12512 standard [13], upon strengthening the round and the struts, the ductility class
was increased to class 3, indicating a connection with moderate ductility.

Although the connection made using full-threaded screws reached a lower ductility
class according to the standard, its use can be considered very safe. By comparing the
load–deformation diagrams of individual experiments (Figures 15 and 16), we can see
that, in the case of experiment B, using full-threaded bolts, a relatively linear course was
established up to the level of the highest load capacity. After reaching the maximum
load-bearing capacity, a decrease in stiffness can be seen, indicating a leveling of the curve,
followed by a consequent reduction in load-bearing capacity and collapse. In the case of
experiment A, using bolts and dowels, we can observe a linear course approximately to
the value determined by the ultimate limit state. The curve of the load– deformation curve
acquired a nonlinear course, i.e., plastic deformations, after exceeding this limit state. In
this nonlinear course, a decrease in stiffness can also be observed, indicating a smaller
slope of the curve. Upon reaching the maximum load capacity, this connection collapsed,
decreasing the stiffness and load capacity, as in the case of using full-thread screws.

Experimental testing confirmed that, by strengthening the site of the expected collapse
of the connection, it is possible to delay the time to collapse, as well as increase the
deformation during collapse. The use of full-threaded screws for reinforcing connection
segments is a very suitable solution from the point of view of assembly complexity, as well
as financial complexity.

Research on the issue of determining the load-bearing capacity of connections of timber
structures according to European standards (Eurocode 5) [11] is constantly evolving. The
proposed experiments, which aimed to determine the ductility of a semirigid connection
between a timber beam and a strut formed by means of mechanical dowel-type fasteners,
can contribute to this trend. The experimental data can also be used for the design of
semirigid connections in terms of load-bearing capacity and ductility.
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