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HIGHLIGHTS

The joints structural behavior made with melina and teak wood was studied.
Angles of 0° and 90°; and metal plates, screws and nails connectors were used.
The highest load values were obtained in metal plates in the two angles.

The test showed that the prediction was low, the bias was 3%.

ABSTRACT

In countries like Costa Rica, there is an interest in developing wooden trusses in a versatile
and light way. However, there is a key aspect in the behavior of truss connections in this
product. Therefore, the present study determines the structural behavior of the truss
connections and the displacement, the resistance, the stiffness values and the failure mode
of truss connections made with Gmelina arborea and Tectona grandis timber for angles of
0° and 90°; and three types of truss connectors (metal plates, screws and nails), subject
to tension and compression loads. The results showed that metal plates show the highest
load values with respect to the nails and screws in both species. Likewise, in the design
and critical displacement stress, metal plates surpass the nails and screws in both species;
and in the two angles. From these stress values, we proposed a model for the prediction
of the stiffness for the truss connections of the intermediate angles (30°, 45° and 60°) and
the test showed that the prediction was low, the bias was 3%.
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INTRODUCTION

Wood is considered an excellent construction
material, not only for its technical qualities but for its
environmental qualities (Heietal., 2016). Itis highly resistant
in relation to its weight, is easy to install, to join with nails,
bolts and adhesives, imparts its warmth and aesthetic
beauty, very important qualities in civil structures (Songet
al., 2015). Most wooden structures are generally light
constructions, known as framing, which are characterized
by being made of low-dimensional wood with the use of
numerous connectors, and which together contribute to
resist seismic forces (CWC, 2017a).

For this reason, there is an increasing interest in
having more information about the behavior of wood
and the elements that are added to it, as structural
element in development countries. This leads, to
investigate and analyze, each of the main structural
elements used in the design and construction of
wooden buildings (Zhang et al., 2015), where the truss
is a versatile and lightweight structural option (Green
and Karsh, 2012). The construction of structural
systems with wood, such as trusses, is increasing all
over the world, thanks to improvements in materials,
design and manufacturing technologies (CWC, 2017b).
As in any structural design material, from time to time
they are subject to changes and improvements, hence
the admissible stress and the way in which these stress
are applied must be analyzed (Barbari et al., 2014).

To guarantee the optimal behavior of a truss
before different events, it is necessary to study the truss
connections between the elements that compose it, since
these constitute the weak point of wooden structures
(Ellegaard, 2007). Truss connections are a key point in
the materialization of this type of structures, since the
knots or truss connections must be able to transmit the
stress between elements without compromising the
stiffness and geometry of the system (Zhang et al., 2018).

The construction of trusses in the past used steel
connectors or mechanical fastening systems using nails,
bolts, and others. (Fueyo et al., 2009). However, this
type of connectors has several drawbacks such as: the
need for a greater number of elements for a single truss
connections, or that when supporting loads, the nails
or bolts can produce checks in the wood, etc. (SBCA
and TPI, 2013). This problem led to the introduction
of connectors or metal plates, which have led to a new
philosophy in truss systems (SBCA and TPI, 2013).
According to Rammer (2016), with the metallic plates it
is possible to obtain a greater resistance in the truss and
solve the problems that occur when truss connections
used nails and screws.
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On the other hand, in developing countries,
connectors such as nails and screws are still used, mainly
due to their low cost (Prevatt et al., 2014, Moya and
Tenorio, 2017). Sawata et al. (2013) mentions that in the
aspects of resistance of connectors in wooden joints of
different types: metal plates, screws and nails, these are
hardly known in the structures built with tropical species.
Moya and Tenorio (2017) in a recent study present the
determination of the values of resistance, stiffness and
failure mode of truss connections with nails and screws
using the evaluation methods of Gebremedhin et al. (1992)
and McCarthy and Wolfe (1987). However, these methods
have been developed for metal plate type connectors.

Moreover, timber of Gmelina arborea and Tectona
grandis from forest plantations are the most used in the
Costa Rican market and also in other countries with
tropical climate (Serrano and Moya, 2011; Dvorak,
2004; Moya et al., 2014). Regarding G. arborea species,
there have been several advances in its use, since it
covers a growing lack of raw material for the timber
industry in Costa Rica, where its uses range from the
furniture, construction, packaging, plywood, pencils,
and others. (Serrano and Moya, 2011). Meanwhile,
timber of T. grandis enjoys an excellent reputation due
to its properties: strong, light, durable, dimensional
stability and hardness; with a great variety of traditional
and current uses; among them, quality furniture,
structural elements, carpentry, veneers, floors and
marine uses (Keogh, 2013).

Although the fundaments, theory and applications
of timber truss connection is widely known in countries
with tradition in the structural use of timber (CWC,
2017b). In this sense, special reference should be made
to the work carried out by Johasen (1949) on the
behavior of truss connectors in timber. This study has
served to develop all the theoretical aspects in plate
and bolt. But, its application in developing countries is
very limited (Prevatt et al., 2014, Moya and Tenorio,
2017) due to little knowledge of these principles.
Likewise, its application in species of great interest in
commercial plantations, such as G. arborea or T. grandis,
and international tropical timber markets (Keogh, 2013;
Dvorak, 2004) is also limited. Then it is establishment
of the structural behavior of unions will contribute
more knowledge to the use of these species in uses that
increase the added value of the wood and especially the
structural use of the species.

Specifically, the information available on the use of
these two plantations timber, knowledge of the structural
properties of these timbers are still lacking in framing-
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type construction processes such as prefabricated trusses
(Tenorio etal., 2017) and especially in the joints that are used
in the trusses (Moya and Tenorio, 2017). Therefore, the
present work seeks to determine the structural behavior
of the truss connection and displacement in relation to
the applied forces, as well as the resistance, the stiffness
values and the failure mode of the truss connections made
with G. arborea and T. grandis for angles of 0° and 90°. And
verify the difference between three types of connectors
(metal plates, screws and nails), subject to tension and
compression loads. From this, a model for the prediction of
the stiffness for the truss connections of the intermediate
angles (30°, 45° and 60°) is proposed.

MATERIAL AND METHODS

Raw materials employed

Timber used came from trees of Gmelina arborea
and Tectona grandis from forest plantations in Costa
Rica. The first species was selected for its high rate of
reforestation in this country (INEC, 2014) and because
G. melina timber is employed for many uses, for example
the potential for structural use (Vallejos et al., 2015;
Moya and Tenorio, 2017; Moya et al.,, 2013; Tenorio
et al,, 2017). As for T grandis, it is selected because it
has a dimensional stability with admissible design stress
comparable with the group of semi-hardwood species
(Moya and Gonzalez, 2014), which makes T grandis a
versatile wood for a wide variety of uses such as structural
elements (Keogh, 2013). Wood from G. arborea was
obtained from the sawmill Maderas S.Q. 2008 (Pérez
Zeleddn, San José, Costa Rica) and the wood from T.
grandis comes from the plantations of Novel Teak located
in Liberia, Guanacaste, Costa Rica.

Truss connection design and manufacturing

Timber used to manufacture of truss connections
of both species had a dimension of 2.2 cm thick and 7.2
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cm wide, in air dry state (approximately 149%) and without
brushing. Truss connections were designed using three
types of fasteners and two types of angles: 0° and 90° and
joined by: metal plates, screws and nails (Figure ). Metal
plates used as truss connections were 6.5 cm wide, 10.0
cm long and tooth thickness less than 7.9 ecm. Each truss
connection used two plates, one on each side of the truss
connection. These plates were installed using 2 manual
press built for this purpose with a pressure of 46.50 kg-cm™.
Screws used for truss connections were of the flat-head
Phillips type for wood, 5.0 cm long x 0.43 cm in diameter.
While nails used were 5.1 cm long x 0.28 cm in diameter.
In the last two fasteners, ten screws and/or ten nails were
used, placing five in each piece of the sample. Distribution
of nails and screws was the same for both species. In total,
240 truss connections were made per species (2 angles x 3
type of fastener x 2 species x 20 repetitions).

Truss connection test and calculation of stress

The 240 truss connections were tested in two
types of load: compression (120 truss connections)
and tension (120 truss connections). These tests
were performed using a test frame device (Figure 2),
specifically designed to dispose and test the different
truss connections (Tenorio et al. 2017). This device was
connected to a test machine brand Tinus Olsen with a
capacity of 60 Ton. The test frame device was placed in
such a way that the load was applied vertically on the
sample to be tested. In the compression test, no support
was needed to apply the load (Figure 2a), while in the
tension test a mobile support was placed on the upper
part of the truss connection (Figure 2b). Each truss
connection was supported to the test frame using screws,
which supported the load applied at a distance of 33 cm
approximately from the center of the truss connection,
totaling a support distance of 66 cm (Figure 2).

In both tests (compression and tension), the load
was applied in order that the displacement of the truss
connection followed the plane of the load, at a speed of

FIGURE | Orientation of truss connections and distribution of metal plates, nails and screws.
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Test frame device

FIGURE 2 Test frame device employed for compression testing truss connection (a) and applying loads during tension tests (b).

0.2 cm'min’'. The tests in compression and tension were
performed using test conditions used by Gebremedhin et al.
(1992) for similar truss connection fixed with dented metal
plates. Each trial lasted between 9 and 20 min. This lapse
was consistent with ASTM DI1761-06, which states that
failure should occur between 5 and 20 min (ASTM 2012).
During the tests, values for loads and displacements
for each truss connection were recorded. Then, data were
exported to the Microsoft Excel software, where a graph
of load vs. joint displacement for each truss connection
subjected to load. On the curve load vs. displacement, the
following parameters were determined: maximum force in
compression (Fmax-compr) or maximum force in tension
(Fmax-tension), maximum displacement, displacement in the
proportional limit and load to a displacement of 0.381 cm.
From these mentioned values, we followed
with the calculation of the design stress in tension and
compression and the critical displacement stress, also in
tension and compression, according to the procedure
described in Gebremedhin et al. (1992). The design
stress was calculated using equation |. While the critical
displacement stress was calculated using equation 2.

Maximum load (kg)
TRt 0197
Maximum displacement (cm) [1 ]

Maximum stress (MPa)= 5

Load of 0.381 cm (kg)|10.197

e 2]

After obtaining the previous values, we continued
with the calculation of stiffness for the intermediate
angles (30°, 45° and 60°), according to the formula
described in equation 3. This equation is extensively
detailed by Gebremedhin et al. (1992). Where: k,=
stiffness expected for an intermediate angle between 0°
and 90°, 6 = angle between the applied load and grain
orientation, k // and k, = critical displacement stress for
angles 0° and 90°, respectively, n = exponential factor,

Critical displacement stress (MPa)= (
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In this case, exponential factors of 1.0, 1.25, I.5,
1.75 and 2.0 were used, since these values are used to
calculate stiffness in wood, at intermediate angles, for
stress and compression testing.

Then, values of k, were established for each
intermediate angle (30°, 45° and 60°) from the
displacement stress values obtained in the compression
and tension tests for each species, for each factor (n)
(1, 1.25, 1.5, 1.75 and 2). With this, dispersion graphs
were developed with the distribution of k, values with
each angle and then, to develop the best fit line that will
corresponds to the n in equation 3. This adjustment was
performed for each truss connection type and species
and thus obtain the predictive model for intermediate
angles, detailed in equation 3. Finally, the predictive
model was to evaluate. Five samples for each of the
following angles, 30°, 45° and 60° were fabricated in
G. arborea wood truss connection with nail and they
were tested in compression force. The stiffness values
obtained for these angles were plotted together with the
curve of the predictive model and so it was evaluated
the capacity of prediction. Likewise, the bias of the data
obtained was calculated.

o sin"(i;; 1]:4 c0s"(6) (3]

Physical properties of timber

Timber density and moisture content (MC)
were determined for each sample (all truss connection
at angles of 0° and 90°, for each type of fastener: metal
plate, nails and screws). Each truss connection was
weighed before the test and the dimensions of each truss
connection piece were measured to calculate the volume
and then, calculate timber density (kg-m=). Percentage of
MC was measured for each sample with a hydrometer
DELMHORST brand, each piece was measured in three
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parts: one at each end at 3 cm from the edge and at the
center (For samples at an angle of 90°, it was measured
in the bottom piece of each sample) and then averaged.

Statistical Analysis

Adescriptive analysis was developed, in which medians,
standard deviations, coefficients of variation, maximum and
minimum values were determined for the variables involved:
moisture content, density, loads and maximum displacements,
loads and displacements in the proportional limit, design
stress; and critical displacement stress.

Additionally, normal distribution and homogeneity
of variances for the data was verified. Then an analysis
of variance was applied to confirm the existence of
significant differences among the averages of variables
(P <0.05) for each species (G. arborea and T. grandis),
considering the type of fastener used (metal plates,
nails and screws) and the truss connection angle (0° and
90°). Finally, a Tukey test was established to determine
statistical differences between the medians of the three
types of fasteners.

RESULTS

Physical properties of timber

In the physical properties of timber evaluated, a
moisture content of approximately | [.5% was obtained
for timber samples at angle of 0° and angle of 90° for G.
arborea and, of 10.4% for T. grandis with statistically equal
values for both angles evaluated for both species. In the
case of density, significant differences were evidenced
between timber at angles of 0° and 90°, where density at
0° was greater, this for both species (Table 1).

TABLE | Physical properties of Gmelina arborea and Tectona
grandis lumbers used to manufacture truss connection.

Gmelina arborea Tectona grandis

Angle Moisture Density Moisture Density

content (%)  (kg'm?) content (%)  (kg:m?)

0° I1.68A 413.62A 10.57A 527.10A
(20.06) (34.85) (19.64) (13.68)

90° 11.30A 444.26A 10.29A 541.20A
(27.90) (17.87) (18.14) (8.28)

Note: Values in parentheses correspond to the coefficient of variation of each
properties. Letters in averages indicate significant statistical differences between
angles at 95%.

Types of failure present in truss connection

Failures that were presented in the tension and
compression tests, for angles of 0° and 90° in both
species were different for each type of fastener: for truss
connection with metal plates, in the largest number of
tests, a failure in the truss connection was observed due
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to timber, in the lateral parts of the piece specifically; and
not in the fastener. However, in very few cases there was
a lateral lift on the edges of the metal plate (Figure 3a).
In truss connection fastened with screws, a detachment
of the screws was observed, causing therefore total
separation of the pieces in the truss connection (Figure
3b). As for truss connections with nails, the lateral
separation of the pieces in the truss connection happened,
namely, nails of the edges of the truss connections are
detached, leaving the truss connection connected by the
center nails (Figure 3c).

Maximum load and maximum displacement values
in tension and compression

Maximum force in compression (Fmax-comp)
of joints constructed with dented metal plates and G.
arborea timber for truss connection at angles of 0° and
90° are statistically greater than when nails and screws
are used in truss connection (Figure 4a). But for the
same species, with these two types of fasteners (nails
and screws), in truss connection with 0° angle, the Fmax-
comp are statistically equal between them. While in truss
connection at a 90° angle with screws have values of
Fmax-comp statistically lower than the Fmax-comp in
truss connection with metal plates, but this last one does
not present difference in the Fmax-comp in relation to
truss connection with nails (Figure 4a).

In truss connection constructed with T grandis
timber, the Fmax-comp in truss connections of 0°
angle with metal plate fasteners is statistically greater
than truss connections with nails and screws. In truss
connections with a 90° angle, the fastener with Fmax-
comp were presented in truss connections with nails; and
it is significantly different from metal plates and screws,
which did not present Fmax-comp difference between
the two types of fasteners (Figure 4b).

In the tension test, maximum loads (Fmax-tension)
for truss connections at 0° angle with G. arborea timber, the
Fmax-tension is greater for screw truss connection, but is
significantly equal to metal plates; and both truss connections
greater than truss connections with nails (Figure 4a). As for T.
grandis at 0° angle, the three fasteners do not show significant
differences (Figure 4b). Meanwhile, truss connections at
90° with metal plate in G. arborea were statistically higher.
However, for truss connections of this species with nails and
screws, the value of Fmax-tension were statistically equal
(Figure 4a). For T. grandis the three fasteners used in the 90°
truss connections are statistically different, the analysis found
that truss connections with plates have less Fmax-tension
than truss connections with nails, but higher in Fmax-tension
than truss connections with screws (Figure 4b).
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FIGURE 3 Types of fastener failure of metal plates (a), screws (b) and nails (c) in Gmelina arborea and Tectona grandis, tested in compression

and tension.

16000

Gmelinaarborea(a) Nails
14000 A A

= Metal Plates

Load {N)

-l i A

Angle 0 Angle 90" Angle 0° Angle 90
Compression Test Tension Test
20000
Tectona grandis (b) uNaiks
15000 A
» Metal Plates

B Scrows

Angle 0°

Compression Test

Angle 900 Angle®'  Angle90°

Tension Test

FIGURE 4 Maximum loads of truss connections constructed
with Gmelina arborea (a) and Tectona grandis (b)
lumbers using different angles and fasteners, tested
in compression and tension. Note: Letters A-B-C,
indicate significant statistical differences between
fasteners at 95%.

In the compression test, in truss connections at
angles of 0° and 90° with G. arborea timber, displacement
was greater for truss connections with screws and
statistically greater than truss connections with metal plates
and nails. On the contrary, for 0° and 90° angles with this
same species, the greatest displacement occurs with nails
and is statistically different from truss connections with
metal plates and screws that share statistical similarity with
each other (Figure 5a). For truss connections with T. grandis
timber at 0° angle, the three types of truss connections do
not show significant differences in the displacement of the

RIVERA-TENORIO AND MOYA

truss connection. In the case of 90° angle, truss connections
with metal plate and screw have a higher displacement
value, and the displacement is statistically greater than truss
connections with nails (Figure 5b). As for truss connections of
T. grandis at 0° in tension, the highest values of displacement
occur for truss connections with nails and screws and in turn
are significantly different from truss connections with metal
plates (Figure 5b). In the 90° angle, the greatest displacement
in tension occurs in truss connections with nails and in the
case of truss connections with metal plates and screws do
not differ with the nails (Figure 5a-b).

28
Gmelinaarborea(a) uNails
24 » Metal Plates
 Screws
20 A
&
5 B
Z16 B
§
3
212 A
&
a
08
04 A A B

Angle 0 Angle 90° ;
Compression Test Tension Test
20
Tectona grandis (b) = Nails
® Metal Plates
L6 ® Screws
A
z
212] A E A
- A B
2
E
i 08 2 N B
o AB
04 2

Angle 0°
Compression Test

Angle 90°  Angle 0f Angle 90°

Tension Test

FIGURE 5 Maximum displacement in truss connections made using
different angles and fasteners from Gmelina arborea and
Tectona grandis, tested in compression (a-b) and tension
(a-b). Note: Letters A-B, indicate significant statistical
differences between fasteners at 95%.
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Load behavior vs. displacement of truss connections

Graphical behavior of the displacement with
the load for truss connections with G. arborea in the
compression and tension tests, confirms that truss
connections with metal plates in both angles of 0° and 90°
have the greatest resistance, whereas truss connections
with the lowest load value are those truss connections
with screws at 90° angle for both tests. For compression,
the lowest value is presented for truss connections with
screws at 0° angle and in tension, the lowest value is for
truss connections with nails for the angle of 90° (Figure
6a-c). In case of the displacement curve of T. grandis truss
connections for the compression test, the highest load
values are found in truss connections with nails at 90° angles
and the lowest load value is for screw truss connections
in the 90° angle, but with similar displacements to those
that occur in truss connections with nails and screws
(Figure 5b). In the tension test, the highest values in load
and displacement, again appear in truss connections with
metal plates at 90° angles. While the rest of the truss
connections have a similar displacement-load ratio, except
for truss connections with nails at 90° angles (Figure 6d).

The results presented previously shown that truss
connection with metal plates, nails and screws, suggest
that they present a different behavior in relation to timber
connections established by Johasen (1949). The mainly
the difference was found load behavior vs. displacement
of truss connection curve. In this study with timber truss
connections, a little plastic region is presented, however
the models presented for the Johansen timber connections
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(1949) present more plastic regions. The load-displacement
curve suggests that the type of test carried out in the
present study results in more rigid unions than the type
of timber connections presented by Johasen (1949). In
addition, another difference is that in the present study
the truss connections used are common in timber truss
connections, whereas the study by Johasen (1949) are
timber truss connections of a different configuration from
the present study. Then the results presented in this study,
although they can be found for wood species of temperate
climate in countries with traditional use in wood, is the first
time that the results are presented for wood coming from
tropical climates and growing in forest plantations.

Design values

Design stress and the critical displacement stress
at 0.381 cm that were obtained in the compression and
tension tests, confirms again that the highest values are
obtained for truss connections with metal plates in both
angles evaluated. On the other hand, the lowest values in
design stress and critical displacement stress are found in
the compression and tension test, for both species at 90°
angles with screws. At 0° angles, the lowest values for
both species were found in truss connections with nails
for the tension test in both stresses. For the compression
test, the lowest values in design stress were found in
truss connections with nails for both species, while for
the critical displacement stress, the lowest values are
found in truss connections with screws (Table 2).

16000
Gmelina arborea- Compression Test (a) 18000 { Tectomna grandis- Compression Test (b)
14000
16000
12000 14000
10000 12000
z z
= 8000 510000
3 = 8000
6000
--0° Nails 6000 07 Nails
1000 90° Nails ) 90° Nails
4 07 Metal Plates 1000 07 Metal Plates
2000 —90% Metal Plates . —90° Metal Plates
07 Screws 2000 0° Screws
; 907 Serews 90° Screws
) 0
Gmelinaarborea- Tension Test (¢) Tectonagrandis- Tension Test (d)
9000 $000
800
000 7000
7000
6000
_6000
Z Z3000
<5000 <
3 24000
1000 -
3000 0° Nails 3000 / 0° Nails
90° Nails 90° Nails
2000 { / 0° Metal Plates 2000 0° Metal Plates
—90° Metal Plates X —9%0° Metal Plates
1000 0° Screws 1000 0° Screws
90° Screws 90° Screws
0 0

00 0s 1.0 15 20

Displacement (cm)

00 05 10 LS5 20
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FIGURE 6 Load vs. displacement curves of truss connections made using various angles and fasteners in lumber from Gmelina arborea and
Tectona grandis, tested in compression (a-b) and tension (c-d).
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TABLE 2 Design stress in truss joints for different angles and
fasteners from Gmelina.arborea and Tectona grandis
lumbers, tested in compression and tension.

Gmelina arborea Tectona grandis

Design Critical Design Critical
Angle Test Fastener displacement displacement
stress stress stress stress

MP2)  mpay  ™MPD (Mpg)

Metal platesLO33A__1890A_ 507A__ 22.28A

Screws  (44.15) _ (73.03) __ (36.74)

. 5798 4.12B___ 2.86A __ 3.90B

Compression  Serews 733y 13.17)  (2291) _(28.48)
Nals  429C 4778 276A  [50C

o (18.48) _(17.09) _ (32.30) _ (30.00)
Metal plates \SAIA_TATA _ 7.05A 4 8IA

(78.11) _(35.43) _ (48.02) _ (84.73)

Torsion Srews 2628 4.15B 389  326A
(10.27) _(24.69) _ (77.03) _ (183.27)

Nale 8128 3398 3278 206A

(21.55)_ (13.95) _ (56.51) __ (179.04)

Motal pates-22A__1206A 15124 I521A

(24.63)__(21.30) _(2620) __ (32.39)

Compression _ Screws 2088 1708 9738 1280A
(23.89)  (11.20) (2669 (29.91)

Nals 2398 I.80B  [I45AB  22.34A

90° (3241) __(2501) _ (102.08) _ (95.54)
Motal plates |B.08A__3.52A  B34A _ SS0A

(37.03) _(10L.15) _(17.26) __ (50.90)

! 6408 3.13A __ 3.99B 1.97B

Tension Screws  1413) _(12.11)__(74.60) _ (93.09)
Nale  BA0C  374A 4178 2.99AB

(25.11)__(27.59) __(54.62) __ (95.70)

Note: Values in parentheses correspond to the coefficient of variation of each
properties. Letters in averages indicate significant statistical differences between
fasteners by test at 95%.

Prediction of stiffness for intermediate orientations

The expected stiffness values for angles of 30°,
45° and 60° were predicted based on equation 3, and
the exponential values of n with a range of 1.0 to 2.0 are
shown in table 3 for the compression and tension tests,
with fasteners of metal plates, nails and screws. Stiffness
prediction shows that the highest values are found for
angles of 30° regardless of the species, the test and the
type of fastener; and it decreases as the angle increases.

The exponential values (n), to predict stiffness for
the different angles in both species varied from | to 1.75
from the best R? with a higher fit for both types of timber
and type of fasteners are shown in table 4. It is observed
that for truss connections with timber of G. arborea in
the compression test, the exponential value (n) is 1.5 in
compression and tension, not so in truss connections
of nails and screws that are different in compression and
tension and different from the values of n obtained for truss
connections with nails and screws (Table 4). Whereas for
truss connections with T grandis in the compression test, the
value of n is equal in plates and nails, and both are different
from the screws, while in the tension tests, the three types
of fasteners maintain the value of n in 1.5 (Table 4).

DISCUSSION

Characteristics of timber employed

MC was no significant differences between angles
by species (Table I), asituation that indicates that humidity
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TABLE 3 Stress prediction for intermediate angles of truss

connections made using various angles and fasteners
from Gmelina arborea and Tectona grandis lumbers,
tested in compression and tension.

Gmelina arborea Tectona grandis

Test Fastener Angle 0 5 20 0 15 20
0° - B - - - -

Metal _30° 1146 13.90 1655 13.93 1682 19.95

45° 041 1238472 12.78 15.19_18.07

Plates “g0° 10.18_ 11.69 13.26 _12.59 1451 16.51

90° - - - - - -

0°__ - - - - - -

30° 198 248 3.04 383 427 472

Compression Screws 45° .70 2.02 241 423 503 598
60° 159 179 199 510 651 8.15

90 - N } } } }

[ B -

30° 2.18_ 2.74__ 3.38
Nails _45° _ 1.85 220 2.61 _12.70 15.10 17.96
60° 171192 2.13_ 13.88 1677 1991

90 - - } } } }

0 - B - ; ; ;

30° 388 480 583 3.69 432 497
45° 338 402 479 363 432 5.3

Plates "50° 320 3.62 4.06 3.82 454 53!
90 - N } } } )

0 - N } } } }

30° 281 3.6 384 192 234 280

1249 1439 16.36

Metal

Tension Screws _45° 2.52 3.00 3.57 1.73 2.06 245
60° 252 292 333 1.69 193 2.19
90° - - - - - -
0°

30° 257 178 1.78 1.70 196 223

Nails _45° 251 299 356 172 205 244
60° 264 3.13 365 188 227 2.69
90° - - - - - -

factor is standardized for the different tests performed.
However, there are small differences between species,
G. arborea is slightly higher than T grandis. Likewise,
in density there are differences among species (Table
1), which is expected, since G. arborea is classified as
low average density wood and the T grandis as high
density wood (Moya and Gonzalez, 2014). Density is an
important indicator of the strength of wood (Shrivastava,
2000; Antwi-Boasiako and Pitman, 2009, Kessels Dadzie
et al, 2015), therefore, it is expected that T grandis
had the highest stress values than wood of G. arborea.
However, the difference in density between species can
be compensated by the increase in the dimensions of the
structural elements (Keenan and Tejada, |1987; Moya and
Gonzalez, 2014; Moya and Tenorio 2017).

Types of failures

Different failures were observed according
to each fastener (Figure 3). But it is evident that the
greatest failure occurs at the edges or sides of each
truss connection. For failures in truss connections with
metal plates, which agrees with what was stated by
Ellegaard (2007) that deformations are mainly due to
a slip between the nail of the plate and timber; and/or
the nail of the plate will be deformed on the articular
line (Figure 3a). On the other hand, in truss connections
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TABLE 4 Stress prediction for the best model by exponential factor, for intermediate angles of truss connections made using various
angles and fasteners from Gmelina arborea and Tectona grandis lumbers, tested in compression and tension.

Species Test Metal Plates Screws Nails
n R Angle K n R Angle K n R Angle K

30° 13.90 30° 2.75 30° 3.05

Compression 1.5 0.9998 45° 12.38 1.75  0.9994 45° 2.21 1.75 0.9997 45° 2.40

Gmelina 60° 11.69 60° 1.89 60° 2.02
arborea 30° 4.80 30° 3.26 30° 2.57

Tension 1.5 0.9992 45° 4.02 1.5 0.9998 45° 3.00 1.0 0.9987 45° 2.51

60° 3.62 60° 2.92 60° 2.64
30° 16.82 30° 4.49 30° 14.39
Compression 1.5 0.9998 45° 15.19 1.75  0.9996 45° 5.48 1.5 0.9998 45° 15.10
Tectona 60° 14.51 60° 7.30 60° 16.77
grandis 30° 4.32 30° 2.34 30° 1.96
Tension 1.5 0.9997 45° 4.32 1.5 0.9998 45° 2.06 1.5 0.9998 45° 2.05

60° 4.54 60° 1.93 60° 2.27

with screw, the main failure is due to the separation of
the fastener, due to the stress concentration effect in the
wood surrounding the screws. In this failure, wood near
the screws is not crushed (Figure 3b), but the fastener
fails (Song et al. 2015). As for truss connections with
nails, these detached what were in the lateral parts of
the truss connections (Figure 3c). Sosa et al. (2014) and
Johasen (1949) mention that truss connections with nails
and bolt have a ductile failure due to the sliding of nails in
the connections.

Load and displacement values

In the maximum load values of the compression
test for both species, is observed that the differences
appear in the fasteners; where mainly the metal plates
surpass the nails and screws in these resistance values
(Figure 3). What indicates that metal plate, presents
favorable conditions in the mechanism of truss
connections and friction, resulting in greater resistance
in compression or tension forces (Seki et al., 2013). In
addition, the values of shear force in truss connections
with dented plates vary from 8 to 18 N, these values are
close to those reported by Gebremedhin, et al. (1992),
which report force values of 14078N to 27610 N in the
species Pinus sp.

Load and displacement values

In the maximum load values of the tension test
for both species, for truss connections with 0° angle,
there is not a fastener that protrudes before the others
(Figure 3). These differences can be attributed to the
pieces of wood that compose the truss connection,
making forces to be distributed, regardless the type of
fastener (Moya and Tenorio, 2017). In truss connections
with a 90° angle of G. arborea timber (Figure 3), there is
a marked difference in the superiority of metal plates.
Fueyo et al. (2009) based on the study of metal plate
truss connections at 45° angles and modeling as finite
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elements explain that with the transmission of stresses
by contact, the adhesion tensions in metal plates are
discharged, reason why adhesion tensions with the plates
are somewhat higher. For truss connections of T. grandis
at 90°, the highest load values are similar to the values
in the nails (Figure 3). According to lzzi et al. (2016),
suggest that residual stresses could have an influence
on the bending of the nails; and therefore, have greater
adaptability to be subjected to load, so it could be the
explanation for values between nails and plates in the
stress tests.

Displacement values, both in the compression
tests and the tension tests, report differences between
the fasteners, but in this case the fasteners with nails
and screws exceed truss connections with metal plates
(Figure 4). The greatest force for truss connections
with screws, as occurred in the present study with the
greatest displacement in truss connections of G. arborea
in the angle of 0° for both tests (Figure 4) and the angle
0° in compression for T. grandis (Figure 4b), is attributed
to the greater adherence to wood fibers allowed by
the threaded area of the screw, which exerts a greater
resistance to extraction during the shear test (Soltis
2010, Moya and Tenorio 2017). On the other hand, the
greatest displacement in truss connections with nails, in
G. arborea in angle of 90° for both tests (Figure 4a) and
for the angle 90 © in compression for T. grandis (Figure 4b)
can be attributed to the fact that truss connections with
nails often subject to lateral forces instead of extraction
forces, so lateral forces provide greater resistance to
deformation (Takanashi et al. 2017).

In the behavior of the load with the displacement,
the metal plates show again the best behavior, few
displacements with the highest load values (Figure 6).
Truss connections with metal plates in G. arborea for 0° in
compression clearly show this behavior of the load with
deformation (Figure 6a). Again, this is explained with the
provisions of Gebremedhin et al. (1992) and Johasen (1949)
indicating that in the extraction of the tooth there is a wood
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failure. Moreover, in the angle of 0° the applied forces run
parallel to the wooden piece that serves as support in the
truss connections, which contributes to support greater
loads as it happens in the case of dented plates. While in
the compression test for T grandis there was a greater load
in truss connections with screws along the entire load-A
curve. This can be attributed to the piece of wood that
conforms the truss connections, since it allows the forces
to be distributed and, therefore, contributes to supporting
the loads (Moya and Tenorio 2017).

Design values

For design values and critical displacement stress,
as expected, metal plates surpass the nails and screws in
both species; and in the two angles (Table Il), this due to the
foregoing, since plates have a greater capacity for fastening
with wood than nails or screws (Seki et al., 2013). Moya
and Tenorio (2017), also found that lower values in design
stress and critical displacement stress, such as the present
study, in the tension and compression test, for both
species, at 90° angles. As explained by Gebremedhin et al.
(1992) for truss connections in the 90° angle, the cutting
plane was perpendicular to the main axis of the truss
connections, placing greater force on the fastener, causing
the failure (Gebremedhin et al., 1992). The differences in
coefficient of variation depending of external variables, like
the distribution of nails/screws in the truss connections or
the location of metal plates in center of pieces in the truss
connections, as mentioned Gebremedhin et al. (1992),
control the manufacture of the truss connections, would
minimize variations in MOE, SG, and MC between the
connected pieces.

Prediction of stiffness for intermediate

Inthe equation for the prediction of critical stiffness
(Equation 3), the n exponent was first determined, which
did not present a uniform value in all truss connections
types, n values of 1.00, 1.50 and 1.75 were found (Table
5). In addition to this, models of the exponent n allow
the prediction model for intermediate angles to produce
a second-degree polynomial equation (y = a* x> + b
* x + c). Table V shows the models for the prediction
of stiffness (K,) for the intermediate angles in the truss
connections evaluated for both species (G. arborea and
T grandis) and the three types of fasteners (metal plates,
screws and nails). For these models, it is possible to
derive the stress that will be presented at intermediate
angles in wooden structures, based on the results of the
research presented here.
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The evaluation in experimental test of predictive
model was found that truss connections with angles of 30°,
45° and 60° fabricated in G. arborea wood jointed with nail
in compression force, the values in three angles were near
to slope line (Figure 7) and the bias was 3%. There the
model development for stiffness for truss connections with
different angles presented good prediction.

TABLE 5 Model for prediction of stiffness (K;) for Gmelina
arborea and Tectona grandis truss connections of
intermediate orientations, between 0° and 90° angles

and with the two types of fastener.
Model for prediction of stiffness for truss

Species  Fastener Test )
truss connection
Metal  Compression K,=0.0015%6%-0.21 15*0+18.892
) Plates Tension K,=0.0007*6%-0.10826*+7.4506
Gmelina s Compression K.=0.0003*6%-0.05736*+4.1297
arborea " " Tension K_=0.0003*67-0.03936*+4.1503
Nals Compression K.=0.0004*6%-0.07156*+4.7768
Tension K,=0.0005*6-0.04376*+3.3960
Metal  Compression K,=0.0017*%62-0.23356*+22.266
Plates __ Tension K,=0.0004*6%-0.02926*+4.8207
Tectona S Compression K,=0.0014*62-0.02636*+3.9277
grandis "™ " Tension K,=0.0003*6%-0.03826* +3.2478
Nail Compression K,=0.0170*62-0.07546*+ 15.032
s Tension K_=0.0002%62-0.01046*+2.06 14
5.0 &
45 + " --®--Curve of model of prediction
. —e—Real values of K for 30°
= 40 1 e @ Real values of K for 45°
= Real values of K for 60°
= -
¥ 35 1 o
2 ..
& 3.0 + -
.
25 | .
B
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FIGURE 7 Curve development from prediction model of stiffness
(KB) for Gmelina arborea in compression test and real

test for angle of 30°, 45° and 60°.

The results obtained in the present study are
innovative since it is the first time they are presented,
although this topicisawidely knownin countries with great
development of wood constructions, but in developing
countries (located many of them in tropical regions)
are little known and especially derived from species,
such as G. arborea and T. grandis, used in reforestation
programs and also important in international markets.
So, these results will be the basis to continue with the
development of markets for these species in the area of
civil construction.

CONCLUSIONS

In the results of maximum load in compression,
the superiority statistic of metal plates over the other two
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fasteners is evident. The behavior of the fasteners in load
vs. displacement shows that metal plates in G. arborea
for 0° in compression test showed higher loads, while in
tension tests in both species the 90° angle in metal plates
is the presented too higher loads. Statistical analysis also
gives as results that values in design stress and critical
displacement stress are greater in metal plates for both
species; and in the two angles.

From the stresses in the compression and tension
tests, for angles of 0° and 90° for the species G. arborea
and T grandis, and the use of fasteners: metal plates,
screws and nails, can be predicted using the following
models: and the bias can be lower than 3%.
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