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ABSTRACT

The objective of the present study is to determine the behaviour of two typical types of
fastener (nails and screws) used in trusses made of Gmelina arborea and Hieronyma alchorneoides
timber. Wood joints with metal fasteners (nails and screws) and five angles (0°, 30°, 45°, 60° and
90°) were subjected to tension and compression loads in order to establish values of displacement
in relation to applied loads, strength, stiffness values, mode of failure and a model for prediction
of stiffness for intermediate orientations. Results indicate that the differences in loads and
displacements appear among species in the compression test, whereas those differences appear
among fasteners in the tension test. The results obtained for stiffness indicate that jointsofH.
alchorneoides wood present the highest values. Models for prediction of stiffness for truss joints of
intermediate orientations were: k, =(k, *k )/(k, *sin®=*"?* 0 *f+k *cos® " * ) in compression,
while for tension the model was (k, *k,)/(k,, *sin®='7 00 % g 1k *cos=2"7 #0049 5 gy |
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INTRODUCTION

Costa Rica is a small tropical country that presents little development in the standardisation
of raw materials, among which wood can be remarked (Serrano and Moya 2011). This lack of
development has led to a decrease in the use of wood in civil constructions such as houses and
buildings in the last ten years (Serrano and Moya 2011). Previously, the civil construction sector
consumed more than 50% of the total volume of timber. However, more recent studies indicate a
decrease to just 24% (ONF 2015) and it is noted that only 10% of the structures are made from
wood, in contrast to nearly 90% in USA and 40-45% in Japan and England (ONF 2015).
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In the past, wooden constructions in Costa Rica were characteristically of the framed type,
built from 37.5 cm2 (5.0 x 7.5 c¢m) transversal sections that were used for structural supports of
floors and walls, as well as for construction of trusses (Tuk 2010). In this type of construction,
woods with density over 0.6 g.cm™ were employed, serving as structural as well as ornamental
elements (Malavassi 2010). For this sort of construction system several types of fasteners are
employed, among which nails and screws stand out as they oppose good shear strength against
lateral forces (Sawata et al. 2013).

In current times, lumber in Costa Rica has been displaced by other construction materials
such as plastics, steel, concrete and other imported materials backed by significant technological
advances, extensive technical information and aggressive marketing (Fournier 2008, Tuk 2010).
Another aspect that has contributed to a decrease in the use of lumber in construction is the scarce
technical information on the behaviour of framing-type structures as a construction system in
Costa Rica (Fournier 2008).

Among framing-type structures, trusses are one component that has been broadly used in
various countries, including Costa Rica, and date back to the 6th century CE (Barbariet al. 2014).
Inwooden trusses, the critical node of this system has the task of transmitting the thrust acting on
the top chord to the tie beam by means of a post. A series of structural aspects of the truss can be
observed from the action of forces present in it, such as the behaviour of displacement in relation
to applied forces, strength, stiffness values and the mode of failure of the joint (Gebremedhin
et al. 1992). These aspects of strength are barely known in trusses built with tropical species,
especially in developing countries (Sawata et al. 2013).

Mechanisms and behaviour of fasteners used in trusses are well known in countries with an
ample tradition in the use of lumber, where metal plates are normally used (Gupta 2005, Bayan et
al. 2011, Bouldin et al. 2013). In developing countries, however, fasteners such as nails and screws
are still employed, mainly due to their low cost (Prevatt et al. 2014).

In the study of the structural behaviour of fasteners, a series of models is generated for load-
displacement (P-A) curves relations and for determination of strength, stiffness values and the
mode of failure of the joints (Gebremedhin et al. 1992). Countries such as USA or Canada are
examples of places where various standards exist for determination of the previous parameters
(ASTM 2012, Canadian Standards Association-CSA S347 1980). Additionally, different test
models have been developed to evaluate joints in trusses in which several standard configurations
of plate and wood grain to load orientations are included (Gebremedhin et al. 1992), and they
simulate actual truss joint action under axial loading conditions.

This type of joints can be analysed as finite elements and can be rigid (Triche and Suddarth
1988) or semi-rigid (Maragechi and Itani 1984). Although various methods can be employed,
these have to calculate the different parameters for strength and stiffness values based upon
known angles and then extrapolate these to intermediate angles (Gebremedhin et al. 1992,
MecCarthy and Wolfe 1987). All these models and calculation forms, however, are developed for
metal plates and not for other types of metal fasteners, such as nails and screws.

In many countries, many changes have taken place in the species used for framing-type
construction processes (Wolfsmayr and Rauch 2014) and there is no exception for Costa Rica
(Serrano and Moya, 2011). Previously, natural forest species with densities over 0.6 g.cm™ were
used in this country (Malavassi 2010). Nowadays, plantation-grown lumbers supply the wood
market (Serrano and Moya 2011), among which two are of special relevance: Gmelina arborea
and Hieronyma alchorneoides. G. arborea wood has been extensively studied (Moya 2004) and

140



Vol. 62 (1): 2017

possesses a series of attributes for its use with structural purposes (Tenorio et al. 2012, Moya et
al. 2013). Meanwhile, the wood of H. alchorneoides is characterised by presenting interlocked as
well as spiral grain, giving it great strength in shear and when joined with nails, screws and bolts,
hence its use as a structural element (Tuk 2010). Moreover, this species has been employed for
commercial reforestation in Costa Rica and the study of wood properties from plantation-grown
trees has yielded high structural strength values in relation to other species (Moya et al. 2009,
Tenorio et al. 2016).

Nonetheless, despite the information available on these species, lack of knowledge about
their structural properties in framing-type construction processes still remains. In the face of
such situation, the present work has the objective to determine joint behaviour and displacement
in relation to applied forces, as well as the strength, stiffness values and the mode of failure of
joints made from wood of G. arborea and H. alchorneoides, for five construction angles (0°, 307,
45°, 60° and 90°) and two types of fastener (nails and screws), subjected to loads in tension and
compression. In addition, this work proposes a model for prediction of stiffness for truss joints of
intermediate orientations.

MATERIALS AND METHODS

Raw materials employed

Wood used came from H. alchorneoides (Allemio) and G. arborea (Roxb. ex Sm.) trees
approximately 15 years old. Both species are widely used in civil constructions in Costa Rica
(Moya 2004, Solis and Moya 2003). Wood from G. arborea was obtained from the sawmill
Maderas S&Q 2005 (Pérez Zeledén, San José, Costa Rica) and wood from H. alchorneoides was
provided by the company ECOCAJAS S.A. (Guépiles, Limén, Costa Rica). While green, lumber
presented dimensions of 7.5 cm wide and 2.5 cm thick and was dried in an experimental oven,
following the drying schedule detailed in Mufioz and Moya (2008) for G. arborea and the one
detailed by Tenorio et al. (2016) for H. alchorneoides. For both species, a target moisture content
of 16% was established.

Joint design and manufacturing

Wood used for joint manufacturing was 2.2 cm thick by 7.2 cm wide (nominal measurements
in green condition of 2.5 and 7.5 cm, respectively), dried and non-planed at the surface for both
species. Joints were designed using angles of 0°, 30°, 45°, 60° and 90° and were joined by means
of two types of fastener: nails and screws (Fig. 1f). Each combination of joint was replicated 10
times. In total, 200 joints were used for the compression test and another 200 for the tension
test (5 angles x 2 fastener types x 2 species x 10 repetitions).

Screws used for joints were of the flat-head Phillips type, of 50mm in length x 4.3mm in
external diameter, while nails used were 5Imm in length x 2.8mm diameter (Fig.1f). Ten nails or
screws were used for each entire joint, five in each piece. Distribution of nails and screws was the
same for both species and is shown in Fig.1a-f.
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Fig. 1: Orientation of truss joint sand distribution of nails and screws and dimensions of the screws and
nails used.

Joint tests and calculation of stress

Joints were tested in compression and tension. These tests were performed using a test frame
device, designed specifically to receive the various joints (Fig. 2a). This device was attached to a
test machine brand Tinius Olsen with a capacity of 60 tonnes. The test frame device was placed
in such a way that the load was applied vertically upon the test machine (Fig. 2b). In the tension
test, a mobile support was placed at the upper part of the joint

(Fig. 2b), whereas in the compression test no support was needed. Each joint was placed in
the test frame device by means of screws, which held it as the load was applied at a distance of
approximately 33 cm from the centre of the joint, totalling a support distance of 66 cm. In both
tests (compression and tension), the load was applied so that displacement of the joint followed
the plane of the load, at a speed of 2mm.min-1.

Tests in compression and tension were carried out utilising test conditions used by
Gebremedhin et al. (1992) for similar joints fastened with dented metal plates. Additionally, in
the same study, modifications were done to the test frame apparatus assembled, with the purpose
of performing tests in a universal test machine. Each test took between 9 and 20 min. This lapse
was consistent with ASTM D1761-06 standard, which states that failure must occur between 5
and 20 min (ASTM 2012).

Fig.2: Test frame device employed for testing joints (a) and applying loads during fests(b).
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Data analysis of tension and compression tests

During the test, values for loads and displacement of joints were recorded and then exported
for their manipulation with Microsoft Excel software. In this program, a graphic of the load vs.
displacement of the joint piece subjected to load (P-A) was made and, by means of the generated
curve, the values of the load and displacement at the proportionality limit, maximum load and
displacement, as well as displacement at 3.81 mm were obtained.

Once the values mentioned were determined, the calculation of design stress and critical
displacement stress followed, in accordance with the procedure described in Gebremedhin et
al. (1992). The design stress was calculated using Eq. 1, while critical displacement stress was
calculated using Eq. 2; both equations are broadly detailed by Gebremedhin et al. (1992).

Maximum load (kg)

Design stress (MPa) = ((

)/3)/10.197 )

Maximum displacement (cm)

Load of 3.81 mm (kg)
0.0381 (cm)

Critical displacement stress (MPa) = ( )/10.197 )

After calculation of stress for every angle evaluated, calculation of intermediate stress
followed. To this end, the formula described in Eq. 3 was used. This equation are broadly detailed
by Gebremedhinetal (1992).

k@ = (k// * ki)/(k//slnne + kicosne) (3)

where: kg - predicted stress for an intermediate angle between 0° and 90°,
0 - angle between the applied load and grain orientation,
k;, yk, - stress for angles 0° and 90°, respectively,
n - exponential factor,
In this case, exponential factors of 1 to 3.75 were utilised.

Mechanical and physical properties evaluated on lumber

Two mechanical properties (static bending and compression parallel to grain) were
determined on the same dried wood used for making the joints. Samples employed for the static
bending test were 5 x 5 x 78 cm, in compliance with ASTM D143-14 standard (ASTM 2014),
while those used for the compression test were 2 x 2 x 6 cm, in accordance with the ASTM
D143-14 standard method B (ASTM 2014). Thirty repetitions were tested for each mechanical
property.

Moreover, samples were extracted from each type of joint in order to measure lumber
density (mass volume 1) and moisture content (MC) at the moment of the test. Each joint was
weighed before the test and dimensions of each one of the pieces composing the joint were taken
for calculation of volume. A small, 2.5 cm long sample was extracted for determination of MC.
Samples were weighed (initial weight), then dried in an oven for 24 hours at 105° C and then
weighed again (dry weight) in order to determine MC according to ASTM D4442-07 standard
(ASTM 2007).

Statistical analysis

A descriptive analysis was developed (median, standard deviation, maximum and minimum
values) for the variables involved: modulus of elasticity in bending and compression, modulus
of rupture in bending and compression, moisture content, density, maximum load and load at
proportionality limit, maximum displacement and displacement at proportionality limit, design
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stress and critical displacement stress. In addition, compliance of variables with the principles of
normal distribution and homogeneity of variances was verified, as well as the presence of extreme
data. A variance analysis was applied in order to confirm the existence of significant differences
among the averages of variables (P<0.05) for each species, considering the type of fastener used
(nails or screws) and the joint angle. A Tukey test was established for determination of statistical
differences between the medians of the two fastener types (nails and screws) and the different
angles.

RESULT'S

Strength values in bending and compression and physical properties of the lumber
used

In the evaluation of lumber used in construction of the various types of joints, it was found
that properties of static bending and compression of H. alchorneoides show statistically higher
MOE and MOR than those from G. arborea lumber (Tab. 1). Similar results are seen in the
physical properties assessed, where H. alchorneoides lumber shows MC and density greater than
those in G. arborea lumber (Tab. 1).

Tab.1: Mechanical and physical properties of H. alchorneoide sand G. arborealumbers used for

manufacture of truss joints.

Bending Compression Moisture .
Species MOE | MOR | MOE | MOR | content | DenSity At%ME
GPy) | (P | GPa) | vpa) | o | TePored Gem?)
G.arborea 64.18 44.88 5.8B 23.98 12.04 485.1B
(21.7) (25.28) (15.2) | (15.0) (13.1) 9.9)
H.alchorneoides 80.84 68.14 11.04 37.1A 12.0A 541.9A
(13.9) (15.9) (9.9) (10.1) (12.3) (25.6)

Note: MOE= modulus of elasticity; MOR=modulus of rupture; MC=moisture content. Values in parentheses
correspond to the coefficient of variation of each datum. Letters and joined to a verages indicate significant statistical

differences between species at 95%.

Types of failure present in joints

The various types of failure that appeared in tests for tension and compression of all five
angles evaluated (0%, 30°, 45°, 60° and 90°), on both species, were mainly in the type of fastener
employed (nails or screws) and no failure was observed in the lumber in any joint (Fig. 3). During
realisation of the tests, it was possible to observe that in joints with nails, these did not break
in applying the load; rather, they became bent (Fig. 3a-c), resulting in longitudinal cracking of
the lumber in some cases (Fig. 3a). Conversely, screws of joints broke randomly (Fig. 3b-d) and,
additionally, it was possible to observe separation of the joint pieces.
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Fig.3: Types of fastener failure of nail sand screws in H. alchorneoides joints at 30 (aan db, respectively)
and G. arborea joints at 30(candd, respectively).

Maximum load and maximum displacement values

Maximum loads in the compression test were greater in H. alchorneoides (Figs. 4a-b) forall
five angles evaluated of joints with nails as well as those with screws, with the exception of the
0° angle in joints with screws, wherein the maximum load was greater in G. arborea (Fig. 4b). In
regards to joints with nails, it is possible to observe that the 0° joint shows the greater loads and,
on the contrary, the 30° joint presents the lowest loads (Fig. 4a). Meanwhile, in joints with screws
the greatest load appears for 90° joints and the lowest one for 0° joints in H. alchorneoides, where
as for G. arborea the greatest load appears for 0° and the lowest loads for joints of 30° and 90°
(Fig. 4b).

In the tension test, maximum loads were greater in G. arborea joints with nails for all five
angles evaluated, except for the 0° angle (Fig. 3¢c). However, in both species the greatest loads
appeared in 60° joints and the lowest in 0° joints (Fig. 4c).In the same test, when performed on
joints with screws, it was observed that there appear practically no differences between species
in the loads on joints of all five angles studied. It was found that 0° joints presented the highest
values, while the lowest values appeared in the 90° joints (Fig. 4d).
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0
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Fig.4: Maximum loads of truss joints constructed with G. arborea and H. alchorneoides lumbers using
different angles and fa:teners, tested in compression and tension.

In the compression test, displacement was greater for the five angles evaluated in G. arborea
joints with nails (Fig. 5a). In both species, the greatest displacement value was shown in the 90°
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joints, while the lowest values appeared for 30° joints in H. alchorneoides and for 60° joints in G.
arborea (Fig. 5a). In the same test, when performed on joints with screws, it was observed that
90° joints from both species showed the highest displacement values, whereas joints with 0° angles
presented the lower displacements (Fig. 5b).

In the test for tension, displacement values were greater for all five angles studied in G.
arborea joints with nails (Fig. 5¢). In both species, the greatest displacement was observed in 45°
joints and the lowest in 0° joints (Fig. 5¢). In the same test, when performed upon joints with
screws, it was observed that no differences were shown between the two species in displacement
values for all five angles studied. Joints with a 90° angle showed higher values, while those with
a 45" angle showed the lowest displacements (Fig. 5d).

s s
Nails in compression test (a) Screwsin compression test (b)

——G. arborea 1 G. arborea

Displacement (cm)
Displacement (cm)

—— H.alchorneoides ——H. alchorneoides

o

o 0* 5 &0° 0 o ot a5 o %0
Angle Angle

Nails in tension test (c) Screwsin tension test (d)

G. arborea 6. arborea
—— H.alchorneoides ——H. alchorneides

Displacement (cm)

o 30 s &0 50° o 0° s & 0t
Angle Angle

Fig.5: Maximum displacement in truss joints made using different angles and fasteners from G. arborea
and H. alchorneoides, tested in compression and tension.

Behaviour of load vs. displacement of joint)

In the compression test performed on joints with nails and screws from both species,
the 0° joints reach higher load values for one same displacement value in relation to the other
angles studied. Following this angle, 45° and 60° joints reach medium load values for one same
displacement. Finally, the lowest loads for one same displacement were achieved in 30° and
90° joints (Figs. 6a-d). In joints with nails, moreover, 0° and 90° joints reach maximum load at
displacements greater than 3 cm and 2 cm in G. arborea and H. alchorneoides joints, respectively,
whereas for the rest of the angles the values remain lower than those indicated (Figs. 6a-b).
In regards to joints with screws, in both species the 90° joints reach their maximum load at
displacement values superior to 3 cm, while the remaining angles reach their maximum load at
lower displacement values (Figs. 6¢-d).

In the tension test on joints with nails, similar behaviours can be observed in Load-A graphs
for all five angles studied in both species (Figs. 6e-f). At displacements of less than 1 cm, 30° joints
possess higher loads, followed by 60° and 90 joints with intermediate loads. Lastly, 0° and 45°
joints present the lowest loads for one same displacement value. For displacements greater than
1 cm, 60° joints possess the highest loads for one same displacement, while 30° and 90° joints
possess intermediate loads and 0° and 45° joints have the lowest loads for one same displacement
value (Figs. 6e-f).In the same test, applied on joints with screws, the 0° joints show an almost
linear behaviour of the Load-A relation and, for displacements over 1 cm, they show the highest
loads in both species. Joints with 30°, 45° and 60° angles possess the greatest loads at one same
displacement value, while the lowest ones correspond to 90° joints (Figs. 6g-h).
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Fig. 6 : Load vs. displacement curves of truss joints made using various angles and fasteners in lumber
from G. arborea and H. alchorneoides, tested in compression and tension.

Design values

The design stress and critical displacement averages obtained from compression and tension
tests are, mostly, greater in H. alchorneoides joints than in G. arborea joints, in those employing
nails as well as in those using screws (Tab 2).

There appear no differences among any of the angles studied when it comes to stress values
obtained for G. arborea joints with nails in the compression test. In H. alchorneoides joints,
however, the 0° joint possesses the greatest value, while 90°, 45° and 30° joints have the lower
values (Tab. 2). In regards to critical displacement stress, similar values were found in G. arborea
and H. alchorneoides lumbers, of which the highest value corresponds to the 0° joints (Tab. 2).
Where joints use screws, a greater variability is observed among the angles studied. In design
stress for G. arborea joints, the 0° joints show the highest value, while 90° and 30° joints present
the lower values. For H. alchorneoides, 0° joints possess the greatest value and the remaining angles
studied show the lower values (Tab. 2). Regarding critical displacement stress, 0° joints show the
highest value and 90° joints have the lowest one in joints of both species studied (Tab. 2).
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Tab.2: Design stress in truss joints made using various angles and fasteners from G. arborea and H.

alchorneoides lumbers, tested in compression and tension.

Gmelina arborea Hieronyma alchorneoides
Test Fastener | Angle | Design stress | Critical Design . Critical
(MPa) displacement stress (MPa) displacementstress
stress (MPa) (MPa)

0 4.14(20.8) 4.594(19.2) 8.54(16.8) 6.754(15.1)

30 3.04(40.4) 2.248(8.2) 5.48(30.3) 2.928(10.8)

Nails 45 31A35.2) | 2.648(9.2) 5.38(8.5) 3.218(19.9)

60 3.54299) | 2.42B(12.4) | 6.7AB(34.0) 3.265(14.7)

Compression 90 2.34(32.6) 1.748(24.0) 5.18(15.6) 2.528(20.6)
0 5.7A(12.6) 4.024(22.0) 8.3A(18.7) 4.33A(18.2)

30 2.5¢(23.2) 2.408(16.8) 4.98(24.9) 3.30B(12.6)

Screws 45 3.78(31.8) 2.568(19.0) 4.98(22.8) 3.208(22.7)

60 3.78(22.4) 2.408(19.9) 5.08(28.8) 3.198(31.1)

90 2.0€(23.9) 1.67€(11.2) 3.8B(18.8) 224€(16.1)
0 8.04(21.6) 3.32€(14.0) 8.14(22.2) 3.70AB(17.4)

30 8.4A(25.7) | 4.97AB(20.7) | 9.5A(36.0) 4.944(29.3)

Nails 45 7.47(17.8) 3.34€(14.9) 7.14(19.3) 3.42B(18.0)
60 9.04(22.5) 3.888C(27.8) | 9.24(25.0) 4.55AB(19.9)
Tension 90 8.2A(25.1) 3.67€(27.6) 8.2A(25.1) 4.07AB(26.4)
0 9.44(10.3) 4.074(24.7) 9.34(11.0) 3.954B(24.6)

30 7.8ABC(16.1) 4.73A(19.8) 7.88(17.0) 4.714(25.0)
Screws 45 8.9AB(24.5) 4.33A(18.5) 8.148(13.7) 4.52AB(13.9)
60 7.38C(9.1) 3.96AB(17.3) 7.38€(9.9) 4.49AB8(19.6)

90 6.4C(14.6) | 3.01B(12.6) | 6.3C(15.4) 3.508(10.1)

Note: Values in parentheses correspond to the coefficient ofvariation of each datum. Letters ad joined to averages indicate

significant statistical differences between species at 95%.

Concerning results obtained for design stress in the tension test for joints with nails, no
differences appeared among the angles studied in both species (Tab. 2). In critical displacement
stress, the 30° joints showed the highest value in both species; 0°, 45° and 90° joints showed
the lower values in G. arborea, whereas it was 45° joints that showed the lowest value in H.
alchorneoides (Tab. 2). Results obtained for joints with screws for design stress showed, in both
species, that 0° joints present the highest value, while 90° joints have the lowest one (Tab. 2). In
critical displacement stress for G. arborea joints, 0°, 30° and 45° joints possess the highest values,
while the lowest one was exhibited by 90° joints. For joints from H. alchorneoides, the 30° joints
have the highest value, as opposed to 90 joints (Tab. 2).

Prediction of stiffness for intermediate orientations

Critical stress values obtained by means of Eq. 3, using exponential values of 7 (variation
range of 1 to 3.75) close to those obtained from the real mechanical tests (Tab. 2) are detailed in
Tab. 3. It is possible to observe that there was no uniform exponential value of n to predict the
critical stress for the various angles in both species and with both fasteners used (Tab. 3). For
joints tested in compression using nails, the n exponent varied from 1.25 to 3.00 between 0° and
90° joints in G. arborea, whereas it was from 1.00 to 2.50 in
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H. alchorneoides joints. For joints with screws, the n exponent varied from 1.50 to 3.00 in G.
arborea and from 1.75 to 3.00 in H. alchorneoides (Tab. 3). Regarding joints tested in tension using
nails, the exponential value of n for prediction of stress for angles between 0° and 90° varied from
1.75 to 3.75 in G. arborea joints, while in H. alchorneoides joints it varied from 1.75 to 3.00. For
those joints with screws, the exponent n varied from 2.75 to 3.00 for G. arborea joints and from
2.50 to 3.00 for H. alchorneoides (Tab. 3).

Tab. 3: Stres sprediction for intermediate angles of truss joints made using various angles and fasteners
from G.arborea and H.alchorneoides lumbers, tested in compression and tension.

Gmelina arborea Hieronyma alchorneoides
Real Stress Real Stress
Test Fastener | Angle stress obtained K stress obtained K
(MPa) (MPa) (MPa) (MPa)

0 4539 674.8

30 224.2 2349 1.25 292.2 306.2 1.00

Nails 45 264.4 274.2 2.25 320.8 308.7 1.50

60 241.7 249.4 3.00 326.1 330.1 2.50
. 90 173.9 252.2

Compression

0 401.7 432.9

30 237.7 242.5 1.50 330.4 320.4 1.75

Screws 45 255.6 257.2 2.50 320.0 322.3 2.25

60 240.0 238.0 3.00 318.8 314.1 3.00
90 167.0 224.4
0 332.4 370.4

30 497.4 511.0 3.75 493.9 485.3 3.00

Nails 45 330.4 319.9 1.75 3421 355.7 1.75

60 388.4 384.0 2.25 454.7 456.2 2.50
Tension 90 367.0 407.0
0 407.0 394.8

30 473.1 465.6 2.75 471.3 469.4 2.75

Screws 45 433.1 449.2 2.75 452.2 4411 2.50

60 396.5 406.2 3.00 448.7 460.1 3.00
90 301.5 349.7

DISCUSSION

Characters of lumbers employed

It can be seen that differences appeared in the MC between species (Tab. 1); however,
although this property affects the mechanical properties of the species to a great extent (Zhou
et al. 2015), in this case differences between species are mostly determined by their density
(Moya and Gonzélez 2014). Various studies consider that density is one of the properties that
best defines mechanical behaviour of lumber (Wiemann and Williamson 1989). Said behaviour
could be confirmed in the present study: H. alchorneoides lumber with its greater density, showed
statistically higher MOE and MOR values in static bending and compression than those found

in G.arborea lumber (Tab. 1). Nonetheless, this difference in strength between species can be

149



WOOD RESEARCH

compensated by increasing dimensions of the structural elements or, also, establishing strength

categories for G. arborea wood (Keenan and Tejada 1987, Moya and Gonzilez 2014).

Load and displacement values

Failures in compression and tension tests appeared in the order of fasteners used.
Gebremedhin et al. (1992) mention that this behaviour occurs because strength in tension and
compression of lumber is greater than the shear strength of the fastener. The same result is also
confirmed by Demirkir et al. (2013), though these authors used plywood for joint elements.
Although this type of failure is undesirable in joints, failure of the fastener is essential to prevent
instantaneous collapse of the structure during subjection to loads

(Chui et al. 1998). Fasteners, such as nails and screws in the joints studied, play an important
role as these are ductile elements meant to absorb loads applied and thus generally they suffer
ductile deformations until failure happens (Chui et al. 1998). Structures containing fragile
elements such as nails and screws have the ability to suffer ductile deformation without significant
stress (Paulay and Priestley 1992), which allows failure of the structures not to be instantaneous.

In regards to differences in the maximum load and displacement values in the compression
test, it can be observed that these appear in the order of species and not the fastener used. H.
alchorneoides joints show higher values in relation to G. arborea joints (Figs. 3 and 4). This result
agrees with the studies done by Wu (1999), Demirkir et al. (2013) and Sawata et al. (2013), which
found differences between species, with the distinction that those authors used different Pinus
species with plywood joints and nails, subjected to shear test. Differences between species are
associated to the capacity for friction between the fastener (nail or screw) and the inner surface of
the orifice it has made in the lumber (Chui et al. 1998). H. alchorneoides lamber shows a thicker
cellular wall than lumber from G. arborea (Tab. 1), which yields greater friction during the shear
stress produced from subjecting the joint to shear loads. This causes the first species to show
greater maximum load and displacement values.

In the tension test the result is different from that obtained from the compression test.
Maximum load and displacement values obtained for the first type of stress did not reveal
differences between species, as was the case in the compression test but, rather, in the type of
fastener used. Joints with screws show greater loads and displacements for both species (Figs. 4
and 5). The greater strength of joints with screws is attributed to the greater adherence to the
lumber fibres permitted by the threaded zone of the screw, which exerts greater resistance to
withdrawal during shear test (Soltis 2010). Likewise, screws show greater ductility properties
than do nails, insomuch as these share ampler contact surface with the wood (Ndjera et al.2014).

It was not possible to observe a trend in performance of each joint in relation to the angles
studied, but in most cases joints with 0° and 90° angles showed the highest maximum load and
displacement values, respectively, for both species (Figs. 4 and 5). The same behaviour was
confirmed in the Load-A curves: joints with 90° angles showed displacement values superior to
3 cm and 1.5 cm in compression and tension tests, respectively (Fig. 6). In the same manner, 0°
joints show greater loads along the entire Load-A curve in the compression test, whereas in the
tension test it is only in joints with screws for displacements over 1 cm (Fig. 6). This behaviour
was also found by Gebremedhin et al. (1992) for the same angles studied, save it was for joints
made using metal plates and the authors attributed the differences to variations that appeared in
the wood used in fabrication of the various joints. However, in the present study it is not possible
to explain this, as the lumber density in general was similar in all joints.

In 0° joints, the greater strength in compression of joints with nails and the greater strength
in tension of joints with screws for both species (Figs. 4a and 4b) can be attributed to the piece
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of lumber forming the joint, as it allows forces to become distributed and thus contributes to with
stand the loads. On the other hand, in joints with intermediate angles, diagonal forces generated
are causing a greater shear force on the fastener and the distance between fasteners is not uniform
as occurs in the 0° joint — the distribution of nails thus affects the forces (Sawata et al. 2013).
But, in regards to joints with nails in tension, the 60° joint (Fig. 4c) indicates that the position of
the lumber piece in the joint contributes to withstand lateral tension forces and achieve greater
strength.

Design values

Results obtained for design stress and critical displacement stress indicate, as expected, that
H. alchorneoides joints show the highest values, as a consequence of this species’ higher density
(Tabs. 1 and 2). However, the greater differences between the two fasteners and the various angles
appear mainly in the compression test (Tab. 2). Concerning tension tests, it is possible to observe
that differences in the order of species and fastener are scarce and a greater variation can be seen
among the various angles studied (Tab. 2).

Regarding variation amongst angles, most 0° joints possess the highest loads and design
stress, while 90° joints present the lowest stress (Tab. 2). This behaviour is similar to that of
the aforementioned maximum loads and displacements of joints (Section 4.2). In 0° joints the
applied forces run parallel to the lumber piece serving as support in the joint, which contributes
to withstand loads. While in joints with intermediate angles, diagonal forces generated cause a
greater shear force upon the fastener (Gebremedhin et al. 1992), decreasing design stress.

Prediction of stiffness for intermediate orientations

The n exponent of the equation for prediction of critical stiffness (Eq. 3) did not present a
uniform value in all truss joint angles, species and fasteners studied (Tab. 3). For the condition of
compression, the n exponent of the model was linear (y = mx + b) in both fasteners and species
(Fig. 7). In tension, meanwhile, the n exponent was a second degree polynomial type (y = a’ +
b + ¢) (Fig. 7). Models for each one of the evaluated conditions, the two species (G. arborea and
H. alchorneoides) and both fastener types (nails and screws) are detailed in Fig. 7. Then, models
for prediction of stiffness (Kg) for intermediate angles in trusses are detailed in Tab. 4.

425 3.75
® n in compression for G, arborea Nails (a) Screws (b)
3.75 Q @ nin compression H. alchorneoides
o O n in tension for G. arborea 3.25
s . Onintension for H. aichorneoides 5 i
- T . = RI=1
€ [m] % 3
',%275 = B 2 275 Osrmmmccemm = O ===
m 2. ¥ =0.004483% - 0.417x +11.5 ] el
-3 Rlel N [l (oo - T—
- o s - ¥=0.0017x2 -0.18x + 5.5
o5 N S22 R¥=1
§ §
< T g ¥ =0.05x + 0,083
§ 175 | v=006c-046 R g e B in compression for G. arborea
5] ks y=0.0056x-056c+ 1525 | 175 @ 11 in compression H. alcharneoides
. R
125 - Ri=1 & v=0042x+ 04583 O nin tension for G. arborea
y i R=099 Onin tension for . alchorneoides
0.75 125
30 45° 60° 30° a5’ 60°
Angle Angle

Fig. 7: Prediction of n exponent for use in equation for prediction of stiffness (Ky) for G. arborea and H.

alchorneoides truss joints of intermediate orientations between 0° and 90° angles.
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Tab. 4: Model for prediction of stiffness (Ky) for G. arborea and H. alchorneoides truss joints of
intermediate orientations, between 0° and 90° angles and with the two types of fastener.

Species | Fastener | Condition Model for prediction of stiffness for truss joint
78996 MPa?
Compression kg = - ( )
(454 + sin(006-6-046)g 1 174 % co5(006-0-046)9) Mpa
< Nail 2
S . o = (121 844 MPa?)
~§ Tension 05— (332« 5in(0.06-#-0.550+1525)9 + 367 * COS(0-05"92'0-55*9“5-25)H) Mpa
S
E . . (121 002 MPa?)
§ Compresswn e (402 * 5in(042+0+046)9 1 301 * cos(042°6+046)9) Mpa
Screw 5
. o (122 507MPa?)
Tension 6:— (407 * §in (0000667 ~0.04=6+35)g 4+ 307 Cos(0-0005*92‘0-04*9"3-5)9) Mpa
170100MPa?
Compression ko = - ( )
< (675 % 5in(0.05x6-0.58)g + 252 COS(O'OS'B'O'SB)H) Mpa
3 Nail
3 _ - (150 590 MPa?)
E Tension o= (370 « §in(0.004x6°=0.426+11.50)9 4+ 407 * L‘OS(0'0"4*92‘“'42*9“1'5“)3) Mpa
S
3 (96 768MPa?)
i Compression kg = -
S (432 * 5in(005+6+0.08)9 1 224 « cos5(005+6+0.08)3) Mpa
3 Screw
S (138 250 MPa?)
Tension ke =
(395 % 5{n (000267 =0.14+0+35) g 4 35() % Cos(o.ooz’;ez—0.14*94—3.5)9) Mpa

Legend: kg=stiffness for truss joints with intermediate orientations between 0°and 90°;0=angle between 0°and 90°.

CONCLUSIONS

Results indicate that failure appeared in the order of the fastener employed (nails or screws)
in joints meant for use in trusses made with angles of 0° 30°, 45°, 60° and 90° and lumber from
G. arborea and H. alchorneoides tested in tension and compression, and that no failure from the
lumber was seen in any joint. Differences found in maximum loads and displacementin these
joints are shown to a greater extent in the order of species in the compression test, wherein those
joints made from . alchorneoides show higher values than G. arborea joints. In the tension test,
differences in the same two variables appear in the fasteners used and, in this case, joints made
using screws possess the highest maximum load and displacement values between the two species.

Results obtained for design stress and critical displacement stress indicate that joints made
with lumber from H. alchorneoides yield the highest values, as a consequence of the greater density
when compared to joints made from G. arborea.

Although it was not possible to observe a trend in the parameters of strength assessed
in the truss joints evaluated, most 0° joints possess the highest design stress and critical
displacement stress, while 90° joints have the lowest stress. Stiffness values obtained by
means of the model for prediction of intermediate orientations for truss joints (Eq. 3) were
k, = (k, *k )k, *sin® "0 F G +k *cos® 9 *0) in the condition of compression and
k, = (k, *k )/(k, *sin®™ " POk gy | *cos™ @009 gy in the condition of tension in both
species and for both fastener types. Details for each condition of species and fasteners are given

in Tab. 4.
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