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ABSTRACT. The Brazilian standard ABNT NBR 7190 (Associagdo Brasileira de Normas Técnicas [ABNT],
1997) recommends adopting the mean value of the modulus of elasticity to compression in the direction
parallel to the grain (Ecom) in the calculation of displacements. The values of wood stiffness vary
considerably, and they can generate displacements above the limit (L 200!, where L is the span) established
by the referred standard, which contributes to the appearance of pathologies in the structure. To evaluate
the influence of the adoption of Ecom in the calculation of displacements, mechanical properties of wood
species were obtained experimentally. With the aid of numerical models and experimental values, ten types
of trusses were analyzed (Porch, Inclined Chord, Top Inclined Chord, Parallel Chord, Bowstring, Fink, Howe,
K Truss, Pratt, Scissor), three spans (5, 10, and 20 m) and two species (Hymenolobium petraum Ducke e
Hymenolobium sp). Initially, adopting Ecom for all members and performing a linear analysis, the maximum
loads for the displacement L 200! were determined. Subsequently, experimental stiffness values were
randomly assigned to each bar, and the maximum displacements were determined through nonlinear
geometric analyses. Based on 1260 numerical simulations, deflections of approximately 17% (span of 5 m),
30% (span of 10 m), and 34% (span of 20 m) were observed to be higher than the result considering Ecom.
This problem can be overcome by using non-destructive methods in the pre-classification of the structure
bars, positioning the elements rationally in the regions of the highest demand.
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Introduction

It is difficult to imagine structures such as castles and cathedrals and several modern buildings with no
timber elements. Notably, alongside stone and clay, wood has been used for thousands of years as a building
material, and this use is motivated by its abundance and facility of handling it with simple and rustic tools
(Almeida et al., 2016; Cavalheiro et al., 2016; Zangidcomo, Christoforo, & Lahr, 2016). In addition to being a
renewable material, wood demands low energy consumption in its processing, and it has excellent potential
for use in civil construction (Matos, Silva, Gama, Vale, & Rocha, 2012; Ter Steege et al., 2016; Tuisima-Coral,
Odicio-Guevara, Weber, Lluncor-Mendonza, & Lojka, 2017). Furthermore, the leading cause of collapses in
timber structures is human error (Dietsch, 2011), and not a failure due to the material itself, evidencing the
quality of the wood as a material of construction.

Like the other structural materials, it is necessary to know wood species' physical and mechanical
properties (Trevisan, Tieppo, Carvalho, & Lelis, 2007). To design safe, repairable, and efficient structures,
designers must be able to characterize the properties of the materials accurately to be used in construction
(Bukauskas et al., 2019). Therefore, for the design and analysis of timber structural elements, it is necessary
to carry out tests to characterize their physical and mechanical properties.

Wood is a heterogeneous material, and its planting region and other factors can influence its physical and
mechanical properties. Thus, structural parts may have their modulus of elasticity and strength significantly
below the mean values. Therefore, the structure can present excessive displacements, uniquely if bars with
mechanical and physical properties below the mean are placed in the most requested points of the structure.

Wood can be found as several structural elements, especially in roofs. In the last two decades, the diversity
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and sophistication of techniques used in constructing these structures have increased significantly
(Bukauskas et al., 2019). The arches, beams, and trusses stand out among the possible structural roofing
systems. Flexible connections are usually adopted using two or three pins in the trusses.

In timber roof trusses, exaggerated displacements stand out as one of the main pathologies (Andrade Junior
et al., 2014). A possible cause of excessive displacements can be caused by the adoption of a Eqm for all elements
of the truss in the verification of the service limit states (maximum displacement of L (span) 200%).

In Brazil, the use of wood as a structural element is regulated by the technical standard NBR 7190 (ABNT,
1997), ‘Design of Timber Structures’, from the Brazilian Association of Technical Standards (ABNT). Among
the guidance provided by this code, it is recommended to adopt the mean value of the compression modulus
of elasticity in the direction parallel to the grain (E«,m) to analyze service limit states. According to this code,
when evaluating the service limit state, the maximum displacement of timber structures is limited to the
value L 2007}, in which L is the distance between supports (span length).

According to Sandak, Sandak and Riggio (2015), wood deterioration occurs during their service life, which
can be caused by mechanical, environmental or biological agents. Also, the deterioration of the wood can
considerably affect its characteristics (Calil Janior et al., 2006). Thus, it is essential to properly maintain and
process the timber elements to avoid losing their properties. Some previous works present in the literature
had the purpose of analyzing pathologies in timber structures.

Andrade Junior, Almeida, Stamato, Christoforo, and Lahr (2012) carried out inspections on a roof built
with native Brazilian wood Piquiarana to analyze pathologies’ appearance after a decade of use. In addition
to this, the authors aimed to determine the strength and density properties of samples of the structure. Visual
analyzes were carried out to assess the presence of pathologies and possible causes. Moreover, laboratory
tests of samples were made to determine the mechanical properties of the wood. The main problems found
were related to the design and execution of the work. No pathologies were found, and this was possibly due
to the use of highly durable wood and the absence of direct contact with water.

Pinheiro, Lazaro, Macedo, Christoforo, and Lahr (2016) analyzed a timber roof truss through an inspection
to identify pathologies and point out possible causes and solutions for them. The measures, type of used
wood, the inspection of the conditions of the structure elements, such as the details of assembly, stability,
and deformation of the elements, deterioration of the conditions of use of the structure, among others, were
evaluated ‘in loco’. Pathologies such as deterioration of the structure, rupture, and instability of bars and
connections, global instability, and excessive vertical displacement were found. Deterioration by biological
agents, design, and execution errors were the leading causes, and preventive maintenance was recommended
every 3 and 5 years.

Andrade Junior et al. (2014) evaluated the integrity of a warehouse’s roof structure for chemical products.
Inspections were carried out to assess possible pathologies in the elements of the structure and connections.
Due to the lack of original designs, samples of the structure for determining the apparent density and some
apparent properties were taken. The main problems were humidity, deterioration of the wood, poorly placed
dowels, lack of braced frames, and deterioration of nails. The leading cause was the lack of maintenance of
the structure.

Macchioni and Mannucci (2018) described the main characteristics of Italian trusses and their main
pathologies. After investigating different structures, the problems were divided into three categories: failures
in the connections, usually related to overload or decay of mechanical properties; bar failures, possibly due
to the poor wood quality or sizing error; and decay of properties due to attacks by biotic agents. It was
observed that the failures were usually accompanied by excessive displacement of the structure.

Excessive displacements can compromise the functioning of the structure itself or other parts of the
building, so it is essential to understand these causes to increase the building’s useful life. One of the reasons
for excessive displacement may be the lack of projects, as reported by Andrade Junior et al. (2012) and Pinheiro
et al. (2016). Among several recommendations of the Brazilian code, it highlights adopting the mean value of
the modulus of elasticity to compression in the direction parallel to the grain for all the structure’s bars. Due
to the variability of the wood properties, this recommendation can cause vertical displacements higher than
the limit (L 200!), which can cause pathologies. One method to control part of this problem is using non-
destructive methods to estimate the members’ stiffness. Among the various methods, it can be pointed out
stress waves, ultrasound, transverse, and longitudinal vibration, and these methods have been the target of
several kinds of research. Studies indicate the effectiveness of the methods mentioned above, with
determination coefficients of up to 99% found for several non-destructive methods, such as tension waves
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(Ballarin, Palma, & Hellmeister, 2010; Garcia et al., 2012; Chen & Guo, 2016; Yang, Jiang, Hse, & Liu, 2017),
ultrasound (Haines, Leban, & Herbé, 1996; Mori, Hasegawa, Yoo, Kang, & Matsumura, 2016; Branco, Souza,
& Tsakanika, 2017) and vibration: (Ballarin & Palma, 2009; Segundinho et al., 2013; Faydi, Brancheriau, Pot,
& Collet, 2017; Guan, Liu, Zhang, Wang, & Zhou, 2019; Martins, Dias, & Cruz, 2019; Castellanos, 2020).

To evaluate the influence of adopting the mean value of the modulus of elasticity in compression parallel
to the grain, a numerical study of 10 typologies was carried out (Porch, Inclined Chords, Top Inclined Chords,
Parallel Chord, Bowstring, Fink, Howe, K Truss, Pratt, Scissor) and three spans (5, 10 and 20 m) and two wood
species (Angelim Pedra - Hymenolobium petraeum Ducke and Angelim Ferro - Hymenolobium sp.). As
recommended by the ABNT NBR 7190 (ABNT, 1997), the exact value of E.om was adopted for all bars in the
reference model studied. Experimental values were randomly allocated in the structure bars in the other
models. In total, 1260 numerical models were evaluated.

Material and methods

To determine the strength and stiffness of the wood, compression and tensile tests were performed on 100
specimens of each species according to the methodology for specimens free from defects presented in Annex B of
the ABNT NBR 7190 (ABNT, 1997). All mechanical tests described below were performed with the aid of the Amsler
machine with a capacity of 250 kN (Figure 1). The pieces of wood were stored in the Wood and Timber Structures
Laboratory (LaMEM) in the Structures Department of Sao Carlos School of Engineering of the University of Sao
Paulo, following all the procedures required by ABNT NBR 7190 (ABNT, 1997). The moisture content presented
was close to 12%, and subsequently, the samples were chosen and tested in that same place.

To evaluate the displacements of the timber structures considered, some factors were defined. Ten types
of trusses, three spans, and two wood species were evaluated. For each combination of factors, 21 variations
were analyzed: 1 for reference, being carried out a linear analysis with Ecm assigned for all bars; and 20
models, for which a nonlinear geometric analysis was performed, where the modulus of elasticity of each bar
was randomly assigned. A summary of the factors is presented in Table 1, which were evaluated based on 1280
numerical models.

Figure 1. Specimens positioned on the testing machine: (a) compression parallel to the grain and (b) tensile parallel to the grain.

Table 1. Analyzed factors.

Pratt, Howe, Fink, Bowstring, Porch, Scissors, Top Inclined Chords, Inclined Chords, Parallel Horizontal Chords, K

Typologies Trusses
Span (m) 5,10e20
Species Angelim pedra and Angelim ferro
Variations by ~ Reference model: Ecom (average value of the experimental values) + 20 models: Eexperimental randomly assigned to each
model bar
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The trusses covered in the study were isostatic. Therefore, the stress in all the bars subjected to
compression was verified based on the reference model (E«m) to ensure that it was less than the elastic
buckling load proposed by Euler (Equation 1), where E refers to the modulus of elasticity, I the moment of
inertia and L the length of the bar. There are several normative aspects used to carry out checks on the stability
and safety of the structure. In Brazil, the guidelines for the design of timber structures are provided by ABNT
NBR 7190 (ABNT, 1997). However, as the research objective was to analyze the influence of the same stiffness
for all members, it was not to carry out all the necessary checks for the design of the structures.

m?El

By ZW ¢))

To define the load and the cross-section for each model, the slenderness (1), defined by Equation 2 of the
compressed parts, was limited to 80. After modeling and processing the model, all measurements of the truss
elements were obtained, and, based on maximum slenderness, the same cross-section was defined for all the
bars of the structure, with square sections with multiple faces of 10 mm being chosen. In the next step, based
on a linear analysis, the required load for the structure to reach the displacement limit in the service limit
state stated as L 200!, was defined. After this stage, the compressed bars stress was compared to those
proposed by Euler’s formula (Equation 1). If any bar has higher values than the limit, the cross-section sides
were increased by 10 mm, and a new load was defined. Once the reference model was defined, the same load
was used in all subsequent analyzes.

1= - (2)

To compare the displacements obtained by the methodology proposed by ABNT NBR 7190 (ABNT, 1997)
and a situation closer to reality, two species were characterized (Angelim Pedra and Angelim Ferro). The
experimental values of stiffness and strength of each species were obtained (Table 2). Based on the
experimental values, the E.m was calculated for each species, which was assigned to all the reference truss
bars of each type, as recommended by the Brazilian standard.

To evaluate possible differences in the displacement values estimated by the methodology proposed by
the standard and the real values, it was necessary to randomly assign the mechanical properties of the bars.
Thus, the bars of each truss were numbered, and a cell was linked in Excel for each one. For this cell, a value
from 1 to 50 was arbitrarily assigned using the ‘RANDBETWEEN’ function, available in Excel. Subsequently,
each bar's mechanical properties were assigned using the ‘IF’ and ‘PROCV’ functions. The first function
indicated whether the bar was subjected to compression or traction. The second function was used to return
the bar’s modulus of elasticity value. Part of a table used to define the stiffness of the bars is shown in
Table 3. This attribution process reflects the conditions present in the construction sites, where the bars are
assembled without any pre-classification.

Table 2. Mechanical properties of samples.

Sample pap (kg m™) feo (MPa) fio (MPa) Eco (MPa) Etw (MPa)
1 690 48 61 11178 10747
2 640 52 62 10155 9729
3 630 48 62 9932 9959

Table 3. Mechanical properties of bars.

Bar Sample E
1 43 11011
2 7 18226
3 37 20968

The Finite Element Method (FEM) stands out among numerical methods, discretizing the continuous
domain and analyzing each subdomain individually. With the aid of the ABAQUS® software, analyses of the
proposed models were carried out. The elements were created in a two-dimensional space using deformable
wires. In the second stage, the mechanical properties of the wood (fe, fi, Ec, Ew) were defined and attributed
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to all the truss bars. In the third stage, the types of truss support and loading points were defined. All trusses were
supported by two supports, one pinned and another roller. The loads were applied to the three central nodes of the
top chord. The type of analysis to be performed was defined in the fourth step, with the general static type in all
models. However, geometric nonlinearities were not considered in the reference models (Ecm adopted in all bars).
The other nonlinear geometric models were considered using the ‘Nlgeom’ option, available in the ABAQUS®
library. In step five, the elements were discretized by defining the mesh and the finite elements used. As in the
studied trusses, the bars were considered pinned ends, and the loads were applied to the nodes. The stress obtained
was constant throughout all the bars. As a result, each bar was discretized by a T2D2 element (two-node linear
displacement element). A summary of the modeling steps is shown in Figure 2.

Loading was defined as 3-point loads applied to the top nodes of the truss and located in the center of the
span (L/2), with the second and third points defined at L./4 distances to the left and right, respectively, from
the center of the span. The maximum height of the models was defined as L/7. The numerical models, the
loading application points, and the support positions are shown in Figure 3. The stopping criterion was
defined as the convergence of the model adopting the minimum increment of 10-. From the values of the
displacement obtained by the simulations, the Confidence Interval was elaborated (at the level of 95%
reliability), seeking to establish the margin of uncertainty of the values of displacements obtained.

Step 1: Creation Step 6: Conducting
of truss bars the analysis

Step 2: Definition Step 5: Finite
and application of element mesh
properties creation

Step 3: Definition :

of support Stepe 4: Job

connectors and
loads

creation for
analysis

Figure 2. Flowchart of modeling in ABAQUS®.
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Figure 3. Typologies, loading points, and supports.
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Results and discussion

Table 4 shows the mean values (Xu), the coefficients of variation (CV), and the lowest (Min.) and the
highest (Max.) values of the properties investigated in the characterization of the two wood species
considered in the present study. The values obtained experimentally were compared with values available in
the literature, as shown in Table 5 and 6.

Based on the values found in the literature, it was possible to state that the data found in this study
were consistent, showing slight variation from the available studies. Table 7 and 8 show the results of
the analysis of variance (ANOVA - 5% significance) carried out to verify the equivalence of the modulus
of elasticity obtained from the compression (E) and tensile (Ey) tests in the direction parallel to grain
established by the Brazilian standard ABNT NBR 7190 (ABNT, 1997) for the woods of Angelim Pedra and
Angelim Ferro, respectively. Figure 4 and 5 show the ANOVA validation tests (normality and
homogeneity of the residual variance), with DOF - degrees of freedom; SQ - sum of squares; QM: mean
of squares; F value - F statistic; P-value - P statistic.

Table 4. Property results for the two wood species considered.

Proprieties Angelim Pedra
pap (kg M%) fo (MPa) f.o (MPa) Eco (MPa) Ewo (MPa)
Xm 660 54.78 73.64 11,516 11,709
CV (%) 6.87 15.83 25.80 18.41 22.28
Min. 590 38.12 34.61 11,603 9,975
Max. 800 81.25 109.07 14,831 13,258
fwMPa)  ------ 39.40 4718 e e
Proprieties Angelim Ferro
pap (kg m3) f. (MPa) f.o (MPa) Eco (MPa) Eto (MPa)
Xm 1160 79.24 110.58 20,648 19,586
CV (%) 4.09 12.83 23.09 16.16 19.72
Min. 1040 53.00 87.00 18,135 16,011
Max. 1290 97.00 147.00 23,238 22,354
fuo(MPa) - 58.72 7426  —e-ee= e

pap - apparent density at 12% moisture content; fo - compressive strength in the direction parallel to the grain; fy - tensile strength in the direction parallel to the
grain; Eo - compression modulus of elasticity in the direction parallel to the grain; Ey - tensile modulus of elasticity in the direction parallel to the grain.

Table 5. Results of properties obtained by different authors - Angelim Pedra.

Authors pap 2% (kgm™®)  foo(MPa) fio(MPa) Eco(MPa) Ew(MPa)
Present study 660 54.8 73.6 11516 11709
ABNT NBR 7190 (ABNT, 1997) 694 59.8 75.5 12912 —ceeee
Christoforo, Almeida, Varanda, Panzera, and Lahr (2020a) 690 = cmmmee mmmmeeeeee s
Christoforo, Couto, Almeida, Aquino, and Lahr (2020b) ~ ------ 59.0  commeemmmeeeemmes
Dias et al. (2019) 730 65.5  commm=mmmeeeemmees
Instituto de Pesquisas Tecnoldgicas (1981) 710 523  cmmmeecmmeeemmeos
Dias and Lahr (2004) 663 58.0 71.0 11990 11096

Table 6. Results of properties obtained by different authors - Angelim Ferro.

Authors pap (129 (kg m™) fo(MPa) fo(MPa) Eo(MPa)  Ew(MPa)
Present study 1160 79.2 110.6 20648 19586
ABNT NBR 7190 (ABNT, 1997) 1170 79.5 117.8 20827  ------
Christoforo et al. (2020a) 1170 mmmeeemmmmee el
Christoforo et al. (2020b) ~ ---ee- 795  eeemeemmemeeemmees
Dias et al. (2019) 1160  memememmmmeedmmmee el
Instituto de Pesquisas Tecnoldgicas (1981) 1170 79.5 117.8 20827  ------
Grobério and Lahr (2002) 1170 79.1 117.9 20946 19788
Dias and Lahr (2004) 1163 82.0 115.0 21263 19750

Table 7. ANOVA results for the comparison between Ec and Ew - Angelim Pedra.

Source GL SQ (Aj.) OM (Aj.) Value F Value P
Solicitation 1 926,984 926,984 0.20 0.654

Error 98 450,413,981 4,596,061 —-—-= ameeee

Total 99 451,340965 --==-= emmee= mmmmes
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Table 8. ANOVA results for the comparison between Eco and Et - Angelim Ferro.
Source GL SQ (Aj.) OM (Aj.) Value F Value P
Solicitation 1 28,200,348 28,200,348 2.36 0.128
Error 98 1,172,199,977 11,961,224 - -
Total 99 1,200,400,325 ~ meeeemmeeee mmees
99.9
® Me -291038E-13
ol SD 2133 P 0.166
gg N 100
& 2 AD 0.;10.« c | |
£ 7 P 0.344
g 3
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Figure 4. Results of normality tests (a) Homogeneity of variances (b) Residues related to the comparison of the Eco and Ew modulus of
elasticity of Angelim Pedra.
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Figure 5. Results of normality tests (a) Homogeneity of variances (b) Residues related to the comparison of the E¢ and E« modulus of
elasticity of Angelim Ferro.

In Figure 4 and 5, since P-values are higher than the level of significance adopted (5%), the normality and
homogeneity of the variance of the residues validated the ANOVA results presented in Table 7 and 8. Based
on Table 7 and 8, the equivalence of the E, and Ey elasticity modulus for both wood species was found, a
result following the established by the Brazilian standard ABNT NBR 7190 (ABNT, 1997). Tables 9, 10, 11, 12,
13 and 14 show the mean values (Xn), the standard deviations (SD), the lowest (Min), and the highest (Max)
values, as well as the confidence interval of the mean (CI - 95% reliability) of the maximum displacements in
the simulated structures (10 typologies) considering the mechanical properties of the two wood species
(Angelim Pedra and Angelim Ferro) for the two spans evaluated (5 and 10 m).

It was observed in Table 9 to 14 that the displacement limit value (L/200) was exceeded in several models
(57 out of 60 mean values - 95%). Another point to be emphasized is that 76% of the models in which modulus
of elasticity was randomly assigned showed maximum displacement above the value defined by the Brazilian
standard. The confidence intervals (CI) with 95% confidence were calculated, where 17.32, 30.18, and 34.80%
were found above the reference limits for the spans of 5, 10, and 20 m, respectively. Such values were
considerably higher than those calculated using the mean compression elasticity modulus parallel to the
grain, as ABNT NBR 7190 (ABNT, 1997) recommended.
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Table 9. Displacement results obtained: 5 m - Angelim Pedra.

Tip. L/200 Xm (mm) SD (mm) Min (mm) Max (mm) CI (95%)

Porch 25.18 1.59 23.5 26.9 (23.59; 26.76)
Incl. Chord 26.52 1.33 24.3 27.9 (24.93; 28.10)
Par. Chord 26.04 1.23 24.0 27.3 (24.45;27.62)
Top Chord 26.02 1.06 24.9 27.1 (24.42; 27.60)
Bowstring 25.00 26.46 2.23 24.3 29.8 (24.87; 28.04)
Fink ’ 26.86 1.19 254 28.7 (25.27; 28.44)
Howe 27.74 3.08 23.4 30.5 (26.15; 29.33)

K Truss 25.32 0.76 24.2 26.2 (23.73; 26.90)
Pratt 26.00 2.33 23.3 29.1 (24.41; 27.59)
Scissor 27.36 1.45 25.9 28.9 (25.77; 28.94)

Table 10. Displacement results obtained: 5 m span - Angelim Ferro.

Tip. L/200 Xm (mm) SD (mm) Min (mm) Max (mm) CI (95%)

Porch 24.48 1.36 22.6 26.0 (22.51;26.44)
Incl. Chord 26.24 1.92 24.0 28.6 (24.27; 28.20)
Par. Chord 26.36 1.70 24.0 28.6 (24.39; 28.32)
Top Chord 26.30 1.82 23.9 28.6 (24.33; 28.26)
Bowstring 95.00 27.22 3.00 24.4 314 (25.26;29.18)
Fink ’ 25.42 1.29 24.2 27.4 (23.45;27.38)
Howe 26.48 1.29 24.5 27.9 (25.35;27.61)

K Truss 27.34 1.68 25.4 28.9 (25.37;29.30)
Pratt 27.04 3.50 23.7 32.8 (22.51;26.44)
Scissor 29.56 2.85 27.2 33.9 (24.27; 28.20)

Table 11. Displacement results obtained: 10 m span - Angelim Pedra.

Tip. L/200 Xm (mm) SD (mm) Min (mm) Max (mm) CI (95%)

Porch 50.30 3.52 45.8 54.2 (46.54; 54.06)
Incl. Chord 53.04 3.67 48.8 56.7 (49.28; 56.80)
Par. Chord 54.66 6.94 46.1 63.7 (50.90; 58.42)
Top Chord 52.44 2.92 49.8 56.7 (48.68; 56.20)
Bowstring £0.00 55.62 3.43 53.0 60.5 (51.86; 59.38)
Fink ’ 54.26 1.64 52.5 56.2 (50.50; 58.01)
Howe 54.68 2.51 52.1 58.8 (50.92; 58.44)

K Truss 51.08 1.55 494 52.7 (47.32; 54.83)
Pratt 54.98 7.25 47.7 65.6 (51.22; 58.74)
Scissor 55.24 3.78 50.9 60.2 (51.48; 59.00)

Table 12. Displacement results obtained: 10 m span - Angelim Ferro.

Tip. L/200 Xm (mm) SD (mm) Min (mm) Max (mm) IC (95%)

Porch 54.24 7.03 48.5 66.5 (49.87; 58.61)
Incl. Chord 52.46 4.06 48.2 58.7 (48.90; 56.02)
Par. Chord 54.26 6.29 49.1 64.7 (49.89; 58.63)
Top Chord 54.94 2.66 51.2 57.6 (52.61; 57.27)
Bowstring £0.00 56.56 6.77 49.7 67.9 (52.19; 60.93)
Fink ’ 54.16 3.25 51.3 59.4 (49.79; 58.53)
Howe 54.98 3.34 49.5 58.2 (50.61; 59.35)

K Truss 48.38 3.40 45.2 52.3 (44.01; 52.75)
Pratt 60.72 3.84 54.5 64.9 (56.35; 65.09)
Scissor 53.18 5.18 46.9 59.2 (48.81; 57.55)

In 56% of the cases, there were maximum displacements in the bottom chord and 44% in the top chord.
Such excessive displacements in the bottom chord can generate pathologies in elements adjacent to the
structure. Oliveira and Cardoso (2018) claim that excessive deflections can cause cracks and breaks in masonry
due to incompatibility between the structures’ deformations and the components that integrate the buildings.
Cracks in the wood can cause the loss of strength of the element, affecting the performance of the entire
structure. Also, excessive displacement in the top chord can cause the appearance of openings in the roof due
to the lack of fit between the roof tiles, allowing infiltration into the building. The presence of moisture is one
of the leading causes of pathologies in timber structures (Andrade Junior et al., 2012).
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Table 13. Displacement results obtained: 20 m span - Angelim Pedra.

Tip. L/200 Xm (Mm) SD (mm) Min (mm) Max (mm) CI (95%)
Porch 105.74 13.12 88.20 120.10 (98.33; 113.15)
Incl. Chord 105.40 6.23 97.50 113.50 (97.99; 112.81)
Par. Chord 104.76 8.33 93.00 111.80 (97.35;112.17)
Top Chord 99.38 7.99 89.10 110.20 (91.97; 106.79)
Bowstring 100.00 102.02 4.82 94.90 107.50 (94.61; 109.43)
Fink ’ 109.54 6.53 98.30 115.10 (102.13; 116.95)
Howe 103.76 9.64 95.80 120.50 (96.35;111.17)
K Truss 103.18 4.02 97.60 108.20 (95.77;110.59)
Pratt 105.06 9.81 96.00 121.00 (97.65;112.47)
Scissor 103.78 7.55 92.80 111.00 (96.37;111.19)

Table 14. Displacement results obtained: 20 m span - Angelim Ferro.

Tip. L/200 Xm (mm) SD (mm) Min (mm) Max (mm) CI (95%)
Porch 127.78 8.01 119.60 140.50 (120.76; 134.80)
Incl. Chord 107.76 8.79 98.10 120.50 (100.08; 115.44)
Par. Chord 104.22 6.36 95.30 112.80 (96.54; 111.90)
Top Chord 108.68 6.17 101.30 113.60 (101.00; 116.36)
Bowstring 100.00 102.62 10.84 88.00 115.60 (94.94; 110.30)
Fink 109.88 9.57 97.40 122.40 (102.20; 117.56)
Howe 106.54 7.68 98.50 115.20 (98.86; 114.22)
K Truss 106.76 4.08 100.90 110.70 (99.08; 114.44)
Pratt 105.12 9.51 98.70 121.80 (97.44; 112.80)
Scissor 103.90 10.51 98.30 122.50 (96.22; 111.58)

Based on the commented results, it was observed that the simplified method proposed by the Brazilian
standard could generate excessive displacements in the timber structures. It contributes to the appearance of
pathological manifestations in the structural elements and underlying elements such as frames, masonry, and
other elements adjacent to the structure. Macchioni and Mannucci (2018) noted that excessive displacements
could typically be related to individual elements’ failure or risk of failure. Also, excessive displacement can
cause structural problems (Calil Junior et al., 2006).

Another point analyzed was comparing the stress of each compressed bar with the Euler load. In 59% of
the cases analyzed, where the elasticity modulus for each truss bar was randomly adopted, at least one truss
bar showed stress greater than the Euler load. It is worth mentioning that the loads proposed by ABNT NBR
7190 (ABNT, 1997) to verify the ultimate limit state of instability, considering possible second-order effects
and element imperfections, are lower than those calculated by Euler’s formula. Also, all modeled trusses were
isostatic, implying that one element’s failure would cause the entire structure to collapse.

Also, 81% of the models where the properties of the parts were randomly assigned showed displacement
above L/200 or greater stress than Euler’s critical load in at least one element. In other words, only 19% of the
models did not present any type of problem. It is worth mentioning that it was considered that the
connections remain integral, assuming that the failure occurs only in the timber bars (Christoforo,
Romanholo, Panzera, Borges, & Lahr, 2011).

The results showed that the displacements were higher than the reference value in several models, and
several bars showed greater stresses than the Euler load, indicating local instability of the structure. These
results indicated that the adoption of E«mn for all members could generate a higher stiffness of the structure
than the actual value (‘in loco’) when the members are randomly positioned in the structure. These results
also indicated that the method recommended by the standard could cause excessive displacements in timber
trusses, which can influence performance and durability.

The literature review shows that several pathologies are caused by design failures, execution, lack of
maintenance, and possible structural design mistakes. This research indicates that the methodology ABNT
NBR 7190 (ABNT, 1997) recommended for calculating displacements in roof trusses can generate excessive
displacements and local instabilities. An alternative is the pre-classification of structural elements, with the
aid of non-destructive methods, which allows the choice of parts with higher quality for more critical
positions, while parts of lower quality can be positioned in places of lower stresses. Several of the works
mentioned above attested to the efficiency of such methods for estimating wood properties, so they are an
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efficient alternative to methods performed in the laboratory. Such measures can reduce the displacement of
timber structures, reducing the appearance of pathologies.

The normative standard regulating the calculation of timber structures was published in 1997, which
is more than two decades ago. In recent years the construction methods of different types of structures
and materials have evolved and diversified. Structural systems and timber components will probably be
increasingly used because they are environmentally, socially, and economically appropriate options
(Bukauskas et al., 2019). Thus, it is essential to improve design methods to make such structures
increasingly efficient. In the present study, it was observed that the adoption of E.m for all elements of
the truss in the calculation of displacements could generate excessive displacements, causing
pathologies. Pre-classification with non-destructive tests of the bar elements makes it possible to
position rationally.

Conclusion

This study indicated that the methodology for calculating displacements recommended by ABNT NBR
7190 (ABNT, 1997) can cause excessive displacements. Confidence intervals showed values 17.32, 30.18, and
34.80% higher than the reference limits for spans of 5, 10, and 20 m, respectively.

Non-destructive techniques can be used to obtain the wood’s modulus of elasticity. Based on that, parts
with higher stiffness values can be positioned in regions with greater demand, preventing excessive
deflections and pathologies resulting from excessive displacement. The rational arrangement is a relatively
low-cost and straightforward measure, easily applicable in companies that produce such structures.
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