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ESTIMATION MODEL OF MECHANICAL PROPERTIES FROM
THE COMPRESSIVE STRENGTH VALUES

Anderson Renato Vobornik Wolenski**, Jodo Paulo Boff Almeida’, André Luis Christoforo’,
Francisco Antonio Rocco Lahr’, Rodrigo Guerra Peixoto*

ABSTRACT

To ensure the safety of wooden structures, estimation of wood strength is based on the characteristic
strength values. The Brazilian standard (NBR, in Portuguese Norma Brasileira Regulamentadora) 7190 pro-
poses equations to estimate the strength properties with a simplified procedure, which allows obtaining the
characteristic values through relations that correlate different mechanical properties. Using these equations,
the values of tensile (/) and shear (/) strength can be calculated in a simplified way from the compressive
strength (f ) values. In the present work, 36 tropical hardwood species were evaluated for tensile, shear and
compressive strength in the direction parallel to the grain, with a total of 1296 experimental measurements,
and the precision of the relations defined by the Brazilian standard was assessed using the analysis of variance
(ANOVA) method. Two-parameter regression models, based on linear, exponential, logarithmic and geometric
functions, were used as an alternative proposal for the estimation of the strength properties. The statistical
analysis validated the proposed relations, with the linear (f,,) and geometric (f,,) regression models being
the models of best fit, with the coefficients of determination (R?) equal to 63,02 % and 70,15 %, respectively.
In addition, new simplified equations were suggested. The least squares method was used to determine the
optimal coefficient («) for validation of the Brazilian standard equations. The obtained coefficients validated
the tensile strength relationship (/,, =7, / 0,77), but failed to validate the shear strength relationship (f,,, =
0,12/, ). In the latter case, the obtained values were significantly higher (up to 91 % higher) when compared
to those estimated by the Standard.

Keywords: Brazilian hardwood species, compressive strength, regression models, shear strength, tensile
strength.

INTRODUCTION

Considering the importance of mechanical properties in the design of such timber structures as bridges,
sheds and houses (Ruelle et al. 2011, Dadzie and Amoah 2015), it is of great relevance to evaluate the nor-
mative documents which aim to estimate the strength properties of species used in construction. In Brazil, the
timber structures have an elevated applicability potential due to a vast number of wood species existing in the
Amazonian rainforest. According to Steege ef al. (2016), by 2015 there were already discovered more than
10000 wood species. This number induces development of new research aiming at characterization of species
that can potentially substitute those that already are commonly used in construction.

The standard ABNT NBR 7190 (1997) regulates the use of timber in construction in Brazil and establishes
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the requirements for project development, construction and control of wooden structures, basing on probabilis-
tic methods, which assess fracture strength, instability, excessive deformation, and durability of the structure.
The Standard also specifies the complete, minimal and simplified characterization methods of wood physical
and mechanical properties. This is justified by anatomic structure of wood, distinct for each species. For the
characterization of wood, the loading type, grain direction and moisture content shall be taken into account.

Examination of the equations that estimate the mechanical properties of the species used in construction
is of great importance. Such equations are determined in the Brazilian standard ABNT NBR 7190 (1997) de-
fining the simplified characterization method, which allows obtaining different strength properties of common
wood species when experimental data are not available. Nevertheless, Logsdon et al. (2010) stress that this
simplified method should not be the only rule for determination of characteristic wood properties These au-
thors sought to benchmark a model for characteristic compressive strength (f, ) estimation, aiming to obtain a
more appropriate statistical model for Dinizia excelsa Ducke species. They have concluded that NBR equation
is more conservative as it pr0V1des slightly lower £, values. Similarly Matos and Molina (2016) investigated a
correlation between the compressive and shear strength (f° o and f, ) of Pinus elliotti and Corymbia citriodora
species, comparing an experimental relation with the standardized relations of ABNT NBR 7190 (1997) and
ISO 13910 (2005), and concluded that for both species the values obtained from the relations of the Brazilian
standard were higher than obtained by the equations of the European standard.

Longui ef al. (2017) tested four Brazilian wood species for the shear strength parallel to the grain. The
researchers evaluated the shear in specimens with distinct ray orientation, and concluded that there was no
statistically significant difference between the specimens with rays oriented parallel to the shear plane and
the specimens having perpendicular and diagonal ray orientation with respect to the shear plane. Recently,
Christoforo et al. (2019a) used the probability models to evaluate the ABNT NBR 7190 (1997) equations of the
characteristic values (f . f, ok and k) for five tropical wood species. The obtained values were significantly
higher (up to 92 % higher) than the values estimated by the Brazilian standard.

These previous studies demonstrate the importance of assessing the physical and mechanical properties
of wood in order to obtain reliable and safe estimates for structural dimensioning. Several authors already
investigated some of the hardwood species that are studied in the present work, however, focusing on physical
and mechanical properties of only few species: Mezilaurus itauba (Silva et al. 2014), Hymenaea sp (Icimoto et
al. 2015, Segundinho et al. 2015), Apuleia leiocarpa (Soriano et al. 2015), Cedrela odorata (Fernandes et al.
2018), and Peltophorum vogelianum (Christoforo et al. 2019b).

The applicability of the researches seeking equations that estimate the mechanical properties of distinct
species for structural use is remarkable. A need for such estimates motivated the present work, in which 36
hardwood species were assessed. The ABNT NBR 7190 (1997) presents average values of physical and me-
chanical properties of 43 species of native and afforestation woods, and this set is similar to the species evalu-
ated in the present study, thus reinforcing the reliability of the statistical analyses carried out here for tropical
hardwood species of Brazilian forests.

MATERIALS AND METHODS

In this work, homogeneous batches were used in all the tests, as it is required by ABNT NBR 7190 (1997).
According to the Standard, the batch volume cannot exceed 12 m?, and the specimens should be extracted ran-
domly, limited to one sample per beam, as shown in Figure 1. All wood species were stored and tested at the
LaMEM (Laboratorio de Madeiras e Estruturas de Madeiras) of the University of Sdo Paulo (USP), following
the procedures of Brazilian standard.
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Figure 1: Sample extraction and size (in mm) for determination of compressive (a), tensile (b), and shear (¢)
mechanical properties.

Thirty-six tropical hardwoods were tested in this study (Table 1). The timber was obtained from local
companies in the same manner as it is obtained for civil construction in Brazil: in the form of boards extracted
from the heartwood (Figure 1), therefore, it was not possible to identify origin and age of the trees. It should
be noted that for each test and tropical hardwood species, 12 specimens were confectioned, resulting in a total
of 1296 experimental measurements.

Table 1: Scientific name and identification number (ID) of 36 tropical hardwoods.

ID Hardwood species ID Hardwood species ID Hardwood species

1 Vatairea fusca 13 | Cedrelinga catenaeformis Ducke | 25 Qualea paraensis Ducke
2 Hymenolobium sp 14 Copaifera Hayne 26 Clarisia racemosa

3 Vatairea sp 15 Goupia paraensis Hub. 27 Pradosia Liais

4 Dinizia excelsa Ducke 16 Apuleia leiocarpa 28 Parinari rodolph Huber
5 Anadenanthera colubrina 17 | Planchonella pachycarpa Pires 29 | Copaifera langsdorffii Desf.
6 | Seb ia commersoniana (Baill.) S. & D. | 18 L Iburgia sp 30 Tapirira is Aubl.
7 Cassia ferruginea 19 | Peltophorum li Benth. | 31 Erisma uncinatum Warm.
8 Bertholletia excelsa Bonpl. 20 Mezilaurus itauba 32 Cinchona sp

9 Gossypiospermum praecox 21 Hymenaea sp 33 Vochysia sp

10 Calophyllum sp 22 Ocotea sp 34 Pterodon emarginatus

11 Cedrela odorata Lin. 23 Laurus nobilis 35 | Tachigali myrmecophila Ducke
12 Cedrela sp 24 | Manilkara huberi (Ducke) Standl. | 36 Qualea retusa

Mechanical strength values f, f, and f, were obtained in the direction parallel to the grain, with a
monotonously increasing load at the rate of 10 MPa/min. To calculate the values, Equation 1 was used, where
F is a maximal load applied on the specimens and A4 is an initial cross-sectional area of compressive

w0,max

(Figure 1a) and tensile (Figure 1b) specimens and critical cross-section area for shear specimens (Figure 1c).

F
w0, max (1)

fu =

Mechanical strength values (£, f, and f,)) were adjusted for 12 % moisture level using Equation 2, as
prescribed by the ABNT NBR 7190 (1997), where 12 % is the moisture level provided by this document.

3(U%—-12)

2
100 @

fn% :fU% 1+
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where f,,,, and f,, values correspond, respectively, to moisture levels of 12 % and U %.

The characteristic values of the evaluated properties (f;, and f,  as a function of f, ) can be calculated from
12 values obtained for each species, following the recommendation of the Brazilian standard ABNT NBR 7190
(1997). The Equation 3 gives the characteristic strength value (f ) corresponding to the 5 % percentile of the
distribution of strength values:

for =1 [1-1,645 6] 3
where fis the average strength value and 3 is the coefficient of variation.

In addition, the ABNT NBR 7190 (1997) requires that the dimensioning of the wooden structures is done
on the linear kinematic hypothesis (allowing small displacements). For safety reasons the probabilistic me-
thodology of the Standard supposes that the strength values are normally distributed, and the coefficient of
variation is 6 = 18% for tensile and compressive strength, as given by Equation 4.

Jox=Tu [1—1,645 5] ~0,701, (4

On the other hand, for the direct strength estimation, the Standard provides Equation 5, which gives the
i value as following:

f . :|:2f1 +fz +f3+"'+ﬁn/2)—l

20 —fn/z},lo (5)

where f is n determined strength values, arranged in the ascending order (f, <f,<f,<...<f); if the number
of the specimens is odd, the highest value is disregarded. The equation is based on the estimator z, (Equation
6), for the sample of 2m values x +x,+x,+.+x, .

XX, + X X
z,=|2

(m-1)
m—1) /, m} (6)

However, for the distribution centered on the characteristic value, there is a 10 %increase added to Equa-
tion 5, which, according to Logsdon et al. (2010), allows avoiding that 50 %of the estimates is done by the
values below the characteristic strength.

On the basis of these equations, f; | is given as the highest value among: the strength less than f, the
strength less than 70 % of /. (Equation 5) obtained from the tested specimens, and the value computed by
Equation 3, according to ABNT NBR 7190 (1997).

The obtained characteristic values (Equation 4) can then be used to assess the expressions defined in the
Brazilian standard for a simplified characterization of the wood basing on the compressive strength in the di-
rection parallel to the grain (f ). The Standard provides some relations, in particular Equation 7 and Equation
8, which allow obtaining the strength characteristics £, and f,,, from f, :

Jeox
0,77

fvo,k = Oalzfco,k ®)

fzo,k = (7

486



Estimation model of mechanical..: Vobornik Wolenski et al. _I’a 22(4)2 483 - 494, 2020

These equations were used to determine the mechanical properties in this work. The simplification found
in these equations may (or may not) be consistent with the actual results of the experiments; therefore, this
work sought to evaluate the applicability of regression models for estimation of the mechanical parameters

(foxand o, from £, ).

The experimentally obtained strength values were fit into Equation 9, Equation 10, Equation 11 and Equa-
tion 12 to verify if any of the regression models (linear, exponential, logarithmic or geometric) can be used for
estimation the strength values:

y=a+bx (linear) )
y =ae™ (exponential) (10)
y=a+bln(x) (logarithmic) (11)
y=ax" (geometric) (12)
where:
v is a dependent variable,
x is an independent variable,
a and b are parameters of the model, obtained by the least squares method.

The analysis of variance (ANOVA) and the Tukey Method were used to determine the equivalence of
strength values estimated by the models and those experimentally obtained (with the significance level set to
0,05). The normality of distribution was tested using Anderson-Darling test (Weerahandi 1995), and the sig-
nificance level was also set to 0,05. In the Tukey Method, “A” denotes the group with the highest mean value,
“B” the group with the second highest mean value, and equal letters correspond to statistically equivalent
means. Finally, the coefficient of determination (R?) was used as a criterion to determine the regression model
of best fit.

In addition, the least squares method (Equation 13 and Equation 14) was used to determine the optimal
coefficient () of the relationships between the characteristics values (f,, = f,, ./ aand f, , = a:f ). The New-
ton method was used with a quadratic approximation (Equation 15) and convergence for optimal solution

independent of the initial estimate () in the iterative method.

1 < 2

fla)= 521‘:1 (Jeok, = %o, (13)
1 2

fle)= 5 2 Frox, =@ (14)

[ S d
a=aq, [ daz[f(ao)]j da[f(ao)] (15)

The evaluation of the expressions proposed by the Brazilian standard (Equations 7 and Equation 8), there-
fore, can be alternatively done using the regression functions (Equations 7, Equation 8, Equation 9 and Equa-
tion 10). The coefficient o (Equation 15), together with the ANOVA, the normality test and the Tukey Method,
can be used to validate the relationships given in the NBR.

487



Maderas. Ciencia y tecn_ Universidad del Bio-Bio

RESULTS AND DISCUSSION

Figure 2 shows the average values, confidence intervals (at the 95 % confidence level), and the ranges
(maximum and minimum values) of variance of the coefficient of variation (CV) of the strength properties, f
(a), f,,(b) and £ (c) for the 36 investigated hardwoods.

To the f,, strength (Figure 2a) most species reached coefficients of variation above of the values recom-
mended by the Brazilian standard (18 % for normal stresses). The ranges of variance were equal the CV(%) =
(12,60; 38,10). The high values of this coefficient can be explained by its rupture mode, justified in parts for
anatomical reasons of the wood. Only the species Anadenanthera colubrina (15,5 %), Calycophyllum multi-
florum Griseb. (14,8 %), Peltophorum vogelianum Benth. (17,3 %), Ocotea sp (17,9 %), Laurus nobilis (12,6
%), and Clarisia racemosa (14,9 %) reached values for the coefficient as expected.

Already to the f,  strength (Figure 2b), all hardwood species reached coefficients of variation in accordance
with those refereed (28 % for tangential stresses) by the Brazilian standard. The ranges of variance were equal
the CV (%) = (7,0; 28,0).

The coefficients of variation to the f strength (Figure 2c) reached those referenced (18 % for normal
stresses) by the Brazilian standard with ranges of variance equal the CV (%) = (4,40; 25,40). However, to
some species this limit was exceeded: Cassia ferruginea (18,9 %), Cedrelinga catenaeformis Ducke (22,8 %),
Qualea paraensis Ducke (19,7 %), Vochysia sp (19,9 %), Erisma uncinatum Warm. (25,4 %), and Tapirira
guianensis Aubl. (21,6 %).
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Figure 2: Results of the tensile (a), shear (b) and compressive (c) strength of the 36 hardwood species.
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Table 2: Descriptive statistics of experimentally obtained values (in MPa) for 36 tropical hardwoods.

Vobornik Wolenski et al.

Table 2 shows experimentally obtained tensile, shear and compressive strength values for 36 species of tropical
hardwood. Comparison of the values presented in Table 2 with the values found in ABNT NBR 7190 (1997)
demonstrates the agreement of the experimental results with the values registered in the Standard.

Experimental Values Estimated Values Experimental Values Estimated Values
e T T e I T I
1 47,52 | 52,56 12,76 | 61,71 5,70 19 56,34 | 63,98 17,47 | 73,17 6,76
2 76,03 83,51 17,20 | 98,74 9,12 20 | 68,44 | 72,60 16,32 88,89 8,21
3 51,06 | 67,12 12,10 | 66,31 6,13 21 89,96 | 12529 | 23,08 | 116,83 | 10,80
4 72,73 | 77,02 13,35 | 94,46 8,73 22 50,60 | 61,36 10,40 | 65,71 6,07
5 41,87 | 53,94 12,72 | 54,38 5,02 23 49,14 | 69,87 9,77 63,82 | 5,90
6 45,58 | 67,20 13,75 | 59,20 5,47 24 | 79,46 | 109,40 | 20,77 | 103,20 | 9,54
7 36,37 | 59,44 12,97 | 47,24 4,36 25 61,53 | 65,13 14,34 | 7991 7,38
8 38,93 | 61,95 7,04 50,56 4,67 26 | 62,41 74,23 15,18 81,06 | 7,49
9 54,54 | 86,42 15,55 | 70,83 6,54 27 | 72,34 | 8529 14,63 93,94 8,68
10 | 50,91 48,79 12,30 | 66,12 6,11 28 5522 | 79,35 12,01 71,71 6,63
11 | 33,18 | 44,04 8,56 43,09 3,98 29 | 45,06 | 50,30 10,62 | 58,51 5,41
12 | 29,99 | 48,55 7,13 38,94 3,60 30 | 43,74 | 51,13 12,39 | 56,80 5,25
13 | 29,06 | 50,07 8,37 37,74 3,49 31 27,20 | 40,63 6,70 35,33 3,26
14 | 44,13 52,67 10,25 | 57,31 5,30 32 | 61,60 | 81,65 11,37 80,00 | 7,39
15 | 55,28 | 7522 12,63 | 71,79 6,63 33 44,79 | 51,36 9,30 58,17 | 5,38
16 | 65,36 | 81,62 16,28 | 84,89 7,84 34 | 90,46 | 83,43 17,42 | 117,49 | 10,86
17 | 43,10 | 83,54 12,14 | 55,97 5,17 35 75,46 | 74,73 14,54 | 98,00 | 9,06
18 | 58,92 | 80,59 17,51 76,51 7,07 36 51,28 | 39,99 9,83 66,60 | 6,15

4, — characteristic compresswe strength parallel to the grain; f,
the grain; f, - characteristic shear strength parallel to the grain.

ANOVA was used to compare the 36 experimentally obtained results of /,, and ), (Table 1 experlmental
values) to f, and f/ values calculated from experimental f,), values (Table 1, experimental values) using the

Equation 7 and Equation 8 (Table 1, estimated values).

Tables 3 and Table 4, and Figure 2 show, respectively, the results of ANOVA, the Tukey method, and the

- characteristic tensile strength parallel to

normality test of Anderson-Darling, with the aim to evaluate the Equation 7.

Table 3: Results of ANOVA on the sample sets: f,, (experimental values) and £, (Equation 7).

Source GL SQuy QM,, Value-F | P-Value
Condition 1 1149 1149 0,29 0,591
Error 70 | 275853 394,1 - -
Total 71 | 27700,2 - - -

DOFs — Degrees of Freedom; SQ

489
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Table 4: Grouping information using the Tukey Method and 95 % of confidence level for £, , .

Source N | Mean | StDev 95 % CI Grouping *
Jfrox (experimental values) | 36 | 70,69 | 21,00 |(64,09;77,29) A
Jfox (Eq. 7) 36 | 68,17 | 18,64 |(61,57;74,77) A

* Means with distinct letters are significantly different.

99.9
9%
95
%0
s
£70
o 60
g 50
40
30
20

10 Mean 6943

5 StDev 19,75

N 72

1 AD 0501

P-Value 0,201
0,1

0 20 40 60 80 100 120 140 160
ft0.x (MPa)

Figure 3: Results of ANOVA validation: normality test of Anderson-Darling for Equation 7.

It can be seen that the compared groups of values - /. (experimental values) and £, (Equation 7) - are
equivalent (P-Value=0,591, Table 3), indicating the accuracy of Equation 7 proposed by the ABNT NBR

7190 (1997). Figure 3 confirms the results of ANOVA with the normality test of Anderson-Darling and P-Val-
ue=0,201.

Similarly, Table 5 and Table 6, and Figure 4 show, respectively, the results of ANOVA and the Tukey
Method test for evaluation of the Equation 8.

Table 5: Results of ANOVA on the sample sets: £, (experimental values) and £, (Equation 8).

Source GL SQuy QM,, Value-F | P-Value
Condition 1 758,00 757,96 85,14 0,000

Error 70 623,10 8,90 - -

Total 71 1381,10 - - -

DOFs — Degrees of Freedom; SQ,, - sum of squares; QM,, - average squares.

Table 6: Grouping information using the Tukey Method and 95 % of confidence level for /..

Source N | Mean | StDev 95 % CI Grouping *
Jwx (experimental values) | 36 | 13,021 | 3,747 |(12,03; 14,01) A
Jvox (Eq. 8) 36 | 6,532 | 1,940 |(5,540;7,524) B

* Means with distinct letters are significantly different.
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Figure 4: Probability plot for transformed data for Equation 8.

It can be seen that the compared groups of values - £, |, (experimental values) andf,, (Equation 8) - are not
equivalent (P-Value=0,00, Table 5), indicating an inaccuracy of Equation 8 of the ABNT NBR 7190 (1997).
Figure 4 confirms the results of ANOVA for a normal distribution of data and P-Value=0,931.

Alternatively, Table 7 and Figure 5 present regression models for estimation of £, values from f, , values

for 36 examined hardwood species. P-value allows evaluating the applicability (P < 0,05) or non-applicability
(P> 0,05) of the regression model.

Table 7: Results for regression models estimating the mechanical properties: f, | from f,),

Models Equations a b P-Value R? (%)
Linear Sox=a+b-(for) 184 | 0,92 | <0,00001 | 63,02
Exponential Sox=a+ e v 32,4 | 0,013 | <0,00001 | 62,20
Logarithmic Sox=a+b-In (fiox) 118 | 47,1 | <0,00001 | 59,37
Geometric fox=a- (f"co,k)b 0,69 4,33 <0,00001 61,20

£, - characteristic compressive strength parallel to the grain; f,, - characteristic tensile strength parallel to the grain; R*- coefficient of
determination; and — constant of the regression models.

140 140
ppo | [T 0k = 18,440,929 (feo) [R2=63.02%] | o o ‘_/M — 830,400 Ue0k) (R = 62,2%) .
.

100 100
S & .
= 80 = 80 L g%
= = g,
< 60 < 60 o
: : »/"ﬁ/‘:/
=40 = w0 e .

20 20

0 (a) 0 (b,
0 10 20 30 40 50 60 70 S0 90 100 0 10 20 30 40 50 60 70 80 900 100
ok (MPa) feok (MPa)
140 140
100 | [T frok = ~118 +47. 1 - log(feo.r) [R? = 59,37%] L 1o | [T fox = 0,69+ (foo)™¥ [R? = 61,20%] | Ps
. .

100 100 /
i . o
= 80 . < e
3 60
S <

20

0 (©) (G}

0 70 8 00 100
Jeox (MPa) feox (MPa)

Figure 5: Regression models for the characteristic value of tensile strength (£, ): Linear (a); Exponential (b);
Logarithmic (c) and Geometric (d). ’
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Similarly, Table 8 and Figure 6 present regression models for estimation of /| values from /| values for the
examined species.

Table 8: Results for regression models estimating the mechanical properties: f, , from f

Models Equations a b P-Value R? (%)
Linear Jox=a+b-(fox) 2,55 0,19 | <0,00001 68,88
Exponential Joox=a + e’ v 5,53 | 0,015 | <0,00001 | 67,48
Logarithmic Jox=a+b-In(fur) -27,05 | 10,14 | <0,00001 67,52
Geometric fox=a- (fud 0,50 0,81 | <0,00001 70,15

[, - characteristic compressive strength parallel to the grain; f,,, - characteristic shear strength parallel to the grain; R* - coefficient of

determination; and - constant of the regression models.

30
|—f\v.m — 2,554 0,19 (fuox) [R2 = 68,88%] ‘ |—f‘ ok = 5,53 0013 fek) [R2 = 67, 48%] ‘
25 25
L]
5 E 20 ®
; = °® o0 /'/.
= = 15 SR &g
< - o el ot
z 2 ecet,
= s 10 j—— N
L—T e® o
5
0 (a) 0 (b
0 10 20 30 40 50 60 70 S0 90 100 110 0 10 20 30 40 50 60 70 S0 90 100 110
feox (MPa) feor (MPa)
30 30
Frox = 27,051 10,14 log(feo) IR = 67,52%] | —— ok = 0,50 (fug.)®™ [R2 = 70,15%)]
25

fvonx (MPa)
fvox (MPa)

(©
0 10 20 30 40 50 60 70 80 90 100 110 0 10 20 30 40 50 60 70 80 90 100 110

feor (MPa) feox (MPa)

Figure 6: Regression models for the characteristic value of shear strength (7, ): Linear (a); Exponential (b);
Logarithmic (c) and Geometric (d).

From Equation 15, applying Equation 13 and Equation 14, the estimated optimal coefficient values for the
tensile and shear strengths were a = 0,79 and a = 0,23, respectively. These values were approximately 2 % and
91 % higher than the coefficients proposed by the NBR standard (Equation 7 and Equation 8). This indicates
that the coefficients proposed by the Brazilian standard favor the safety of structures. However, the coefficient
obtained in the present study for the shear strength was considerably different from the one proposed by Bra-

zilian standard. This value may overestimate the dimensions of the timber structures, affecting directly the final
cost of the structure.

Finally, this research presented results for a total of 36 tropical hardwoods, which is a significant addition
to the results of similar works done by other authors, expanding the number of species studied by Baar et al.
(2015), Longui et al. (2017), Tenorio and Moya (2018), Silva ef al. (2018), and Christoforo et al. (2019b).
The results suggest that the equatlonstk 18,4 +0,92 - f,  (Figure 5a), and /. = 0,50 - (£, D7 (Figure 6d)
are the most adequate for estimation, respectively, of the tensile and shear from compressive strength values.

CONCLUSIONS
In this paper, 36 tropical hardwood species were experimentally classified employing the procedures of the

Brazilian standard for timber structures. The evaluated species demonstrated a potential for application in civil
construction and the results have shown that the Brazilian hardwoods tested here are disposed among all the
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strength classes with the range between 20 MPa and 90 MPa of compressive strength in the direction parallel
to the grain.

The tensile strength values indicate the accuracy of the equation presented in the Brazilian standard. Alter-
natively, regression models were proposed in this work, and the linear relationship was considered the model
of best fit (R*=63%) for tensile strength estimation in the direction parallel to the grain. On the other hand, a
comparison of shear strength values revealed a significant difference, indicating the weakness of the equation
proposed by standard, which reinforces the importance of a revision normative. The geometric regression
model was found to be the most appropriate (R>=70%) for estimation of shear strength from the compressive
strength in the direction parallel to the grain.

Lastly, the coefficients of determination (R?) demonstrate that the regression models achieved herein are
appropriate to estimate the tensile and shear characteristic strength values, from the compressive strength in
the direction parallel to the grain for tropical hardwood species, providing an important study to be revised in
the standard document ABNT NBR 7190 (1997).
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