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ALTERNATIVE MODEL TO DETERMINE THE
CHARACTERISTIC STRENGTH VALUE OF WOOD IN THE
COMPRESSION PARALLEL TO THE GRAIN

André Luis Christoforo’, Vinicius Borges de Moura Aquino®*, José Silvio Govoné®,
Alfredo Manuel Pereira Geraldes Dias®, Tulio Hallak Panzera’, Francisco Antonio Rocco Lahr’

ABSTRACT

Wood strength values are calculated based on the characteristic value, which corresponds to the 5 %
percentile of a given probability distribution model. For a few number of samples (12 samples), the Brazilian
standard establishes an estimator of the characteristic compressive strength parallel to grain of the wood, which
may provide a different result when compared with the characteristic value coming from a suitable probability
distribution model. Considering the strength results in the parallel compression to the grain of 45 wood species
of the hardwood group, Normal, LogNormal, Weibull and Exponential probability distribution models were
used for each specie with the purpose of determining the one with the highest adhesion. Calculated the char-
acteristic values by the best probability model distribution, an analysis of variance (ANOVA) was performed
in the estimation of the characteristic value of compressive strength, making it possible to identify the most
significant terms of the models as well as the quality of the adjustment obtained on such models. The proposed
regression model (R? adj= 96,56 %) proved to be equivalent to the empirical model of the Brazilian standard.
The model proposed here only depends on the mean and the lowest value obtained from the compressive
strength in the parallel direction to the grain.

Keywords: Characteristic value, mechanical properties, probability distribution, Tabebuia spp., wood.
INTRODUCTION

The wood, a natural and renewable source material, presents a good relation between mechanical strength
and density (Arruda ef al. 2015, Baar et al. 2015, Cavalheiro et al. 2016), which makes it suitable for use in
construction (Andrade Jr. ef al. 2014, Chen and Guo 2017, Lahr et al. 2017).

Brazil is a country with enormous potential for timber applications, since the availability of wood spe-
cies from the Amazon Forest is the order of 11194 wood species, cataloged between the years 1707 and 2015
(Steege et al. 2016) these conditions motivated the development of new researches with the purpose of char-
acterizing new species to replace those commonly used in civil construction (Ferro et al. 2015, Freitas et al.
2016, Almeida et al. 2016, Christoforo et al. 2017).
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In Brazil, timber structures projects are regulated by the Brazilian Standard ABNT NBR 7190 (1997)
“Wood Structures Project”, and the structures are designed assuming small displacements and therefore the
principle of geometric linearity and also to withstand satisfactorily and safely the action of the acting forces.

For reasons of structural design safety, the values of strength to the mechanical stresses of the wood are
obtained based on the characteristic value (and not on the mean value), which corresponds to the 5 % percentile
of the respective probability distribution.

According to the probabilistic method of the Brazilian standard ABNT NBR 7190 (1997), a normal dis-
tribution is assumed of the strength values. Such hypothesis is based on the consideration of large number of
samples (30 or more test specimens) together with a value limit of 18 % of the coefficient of variation. Given
the average value of the strength ( {‘ ) and its standard deviation (sd), the characteristic value (/) of the prop-
erty is determined using Equation 1.

fo=f-1,645xsd (1)

For a small number (n) of samples (n < 30), the Brazilian standard establishes the use of Equation 2 to
estimate the characteristic strength value.

. =£2f1 L+ L+t fna

ni,)—

From Equation 2, n is the number of samples used in the mechanical tests and £, consists of the strength
values of the sample, and the results must be arranged in ascending order (f, < f,<f, ... <f)), neglecting the
largest value of the strength if the number of specimens is odd and not assumed to be less than f, and not less
than 70 % of the average value of the strength. It should be noted that the Brazilian standard ABNT NBR 7190
(1997) establishes 12 specimens for determining the physical and mechanical properties of the wood, and that,
therefore, the characteristic value is calculated based on twelve strength values.

The adoption of Equation 2 for the estimation of the characteristic value can result in values different from
the characteristic value associated to a certain probability density function, and it should be noted that there
are several existing probability density functions (Pinto et al. 2004), and found the one of best adherence to
the set of strength values, it can obtain the characteristic value with greater reliability. Being higher than the
characteristic value estimated by the expression of the standard in relation to that obtained by a given model
of probability distribution, this implies in the possibility of overestimating the strength of the wood, condition
usually unfavorable to the project, and of underestimating it otherwise, which motivates the development of
researches in this area.

This research aimed to identify the characteristic value (f,,) per wood specie associated with the best
probability distribution model and relate, using a multilinear regression model, with the mean values, coef-
ficients of variation and with the lowest and highest value of the property per species, using four probability
distribution models (Normal, LogNormal, Weibull and Exponential) and 45 species of wood from the group of
hardwood. By the adjusted coefficient of determination (R?) obtained from the regression model, it will be pos-
sible to evaluate the precision in the estimation of the characteristic value of f, ,, a precision that is unknown
with the use of Equation 2 established by the Brazilian standard.
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MATERIAL AND METHODS

The values of strength in compression parallel to the grain (f,)) of the wood were obtained following the
assumptions and the methods of testing and calculation of the Brazilian standard ABNT NBR 7190 (1997)
on its Annex B. Twelve specimens were manufactured and tested for each wood species, from which were
obtained the mean values, the highest and the lowest values, the coefficient of variation, the standard deviation
and also the characteristic values, the latter determined by Equation 2 (Brazilian standard) and the probability
distribution models.

The 45 species of wood used in the development of this project were: Angelim Amargoso (Vatairea fusca);
Angelim Araroba (Vataireopsis araroba); Angelim Ferro (Hymenolobium sp.); Angelim Pedra (Hymenolobi-
um petraeum); Angelim Saia (Dinizia excelsa); Angelim Vermelho (Dinizia excelsa Ducke); Angico Branco
(Anadenanthera colubrina); Angico Preto (Piptadenia macrocarpa); Branquilho (Terminalia sp.); Cafearana
(Andira sp.); Cambara Rosa (Erisma sp.); Canafistula (Cdssia ferruginea Schrad); Casca Grossa (Ocotea odor-
ifera); Castanheira (Bertholletia excelsa); Castelo (Gossypiospermum praecox); Catanudo (Calophyllum sp.);
Cedro Amargo (Cedrela odorata); Cedro Doce (Cedrela sp.); Cedroarana (Cedrelinga cateniformis Ducke);
Champanhe (Dipteryx odorata (Aublet.) Willd); Copaiba (Copaifera sp.); Cutiuba (Copaifera sp.); Garapa
(Apuleia leiocarpa); Goiabao (Planchonella pachycarpa); Guaicara (Luetzelbburgia sp.); Guajara (Microp-
holis venulosai); Guarucaia (Peltophorum vogelianum); Itauba (Mezilaurus itauba); Jatoba (Hymenea sp.);
Louro Preto (Ocotea sp.); Louro Verde (Laurus nobilis); Magaranduba (Manilkara sp.); Mandioqueira (Qualea
sp.); Oiticica Amarela (Clarisia racemosa); Oiuchu (Rapanea sp.); Parinari (Parinari rodolph Huber); Pau-
oleo (Copaifera sp.); Piolho (Tapirira guianesis); Quarubarana (Erisma uncinatum); Quina Rosa (Chinchona
sp); Rabo de Arraia (Vochysia sp.); Sucupira (Diplotropis sp.); Tachi (Tachinalia sp.); Tatajuba (Bagassa gui-
anensis) and Umirana (Qualea retusa). It should be noted that they were tested with moisture content close to
12 %, which consists of equilibrium moisture content according to the Brazilian standard.

The probability distributions considered in this research to determine the characteristic values were Nor-

mal, LogNormal, Weibull and Exponential, whose probability density functions (f) on the random variable X
are expressed in Equation 3, Equation 4, Equation 5 and Equation 6, respectively.

1 —1/2(%}2

S(x)= We , X € (—00,00) 3)
f(x)= \/_;e_l/z[log("xz)_y)2 ,if x>0 “4)
2
Z)C,O;thejwise
S(x)= %x“e{j‘f Lif x>0 (5)
0if x<0

f)={ie".x20
0 if x<0

(6)

From Equation 3, o and p consist of the standard deviation and the population mean, respectively. In Equa-
tion 4, o is the standard deviation and p is the population mean of the logarithm. From the Weibull probability
density function (Equation 5), § and a are the form and scale parameters, respectively, and A is the Exponential
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function distribution rate parameter (Equation 6).

The adhesion tests (at the 95 % level of reliability) used to verify the best distribution model were obtained
by the Least Squares Method, with the aid of Minitab® software version 18.

The characteristic values of each wood species (f,, ) for distribution models suitable probability were ob-
tained, these results were related to the mean value (x_), coefficient of variation (CV), the smallest (Min) and
hlghest (Max) value of f by means of a multilinear regression model (Equation 7) evaluated based on analysis
of variance (ANOVA), at the level of 5 % of significance, whose quality of fit was evaluated by means of the
adjusted coefficient of determination (R?adj).

Joox(MPa)= B+ Bix, + B,CV + BiMin+ fMax+&  (7)

From Equation 7, B, consist of the coefficients adjusted by the least square method and ¢ is the random
error. By the ANOVA formulation of the regression model, P-value (Probability P) equal to or greater than
the significance level (5 %) implies in the model or its coefficients are not representative (null hypothesis H
- factor variations do not explain the variations in dependent variable), and significant otherwise (alternative
hypothesis H, - P-value <0,05).

Because twelve specimens were used to determine the characteristic strength value by both Equation 2 and
the probability distribution models, the Equation 7 should strictly consider a maximum of 12 values.

The Anderson-Darling test (Weerahandi 1995) was used to evaluate the normality in the ANOVA residue
distribution of the regression models, and the graph of residuals versus fitted values was used to assess the
homogeneity of the residues, making possible validate the results of the analysis of variance.

The multilinear regression model was compared with the empirical model (Equation 2) proposed by the
Brazilian standard, allowing to evaluate the precision of the model proposed in this standard.

RESULTS AND DISCUSSION

The confidence interval (CI) of the mean (at the 5 % level of significance) for f, calculated by the Brazil-
ian standard equation resulted in IC = (49,74; 60,28 MPa), being 31,90% the coefficient of variation obtained.
The values of the compressive strength parallel to the grain determined by the standard ranged from 25,52 MPa
to 96,58 MPa, thus evidencing the coverage of the results due to all strength classes for the hardwood group
were accounted for.

The confidence interval (CI) of the mean (at the 5 % level of significance) for f,,, calculated by the prob-
ability distribution models resulted in CI = (45,88; 55,56 MPa), 31,77 % coefficient of variation obtained. The
lowest and the highest value of the property were equal to 19,32 MPa and 85,50 MPa, respectively.

From 45 wood species evaluated by the probability distribution models inf, , 40 % (18/45) of the species
were better represented by the LogNormal model, 17,78 % (8/45) were better adjusted by the Normal distri-
bution model and 42,22 % (19/45) by the Weibull model, and it should be noted that the Exponential model
did not provide a significant adjustment for f , in any of the evaluated species. Even though the Normal prob-
ability distribution model was not the one w1th the best adhesion, yet all the wood species presented Normal
distribution, a result that favors the use of the empirical equation of the Brazilian standard.

The regression model for estimating the characteristic value of resistance in compression parallel to the
grain is expressed by Equation 8, and the results of ANOVA and their validation (normality, independence and
homogeneity of variances) are presented in Table 1 and in Figure 1, respectively.

foon(MPa)=—1,2140,49x, —0,04CV +0,67Min —0,16Max

[ R*adj=97,08% | ®
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Table 1: Results of the ANOVA of the regression model.

Source GL | SQ (Aj.) | QM (Aj.) | F-Value | P-Value
Regression 4 | 11123,1 | 2780,78 | 366,79 0,000
X 1 62,0 61,96 8,17 0,007
Cv 1 0,4 0,43 0,06 0,813
Min 1 1627,5 | 1627,49 | 214,67 0,000
Max 1 8,4 8,41 1,11 0,298
Error 40 | 3033 7,58
Fault of adjust | 39 | 303,1 7,77 46,20 0,116
Pure error 1 0,2 0,17 % %
Total 44 | 114264

* GL — freedom degrees, SQ(Aj) — sum of squares; QM(Aj) — mean squares.

o0
Mean 4,408
55 StDev 03793
iﬂ N 45
‘E T0 AD 0414
= & P-Vale 0322
o 40
By 30
20
10
3
1 L

35 40 45 50 53

Figure 1: Anderson-Darling normality test of residues for ANOVA validation.

10,0

Residual

®» 3N 4 0 & W B 80
Fitted Value

Figure 2: Residue graph versus adjusted values for ANOVA validation.

Figure 1 shows normality in the distribution of residues (P-value > 0,05), and Figure 2 shows that residues
(randomly distributed) are grouped around 0 (evidence of homogeneity of variances), thus validating the mod-
el of ANOVA. It should be noted that the three points located at -5 and at +10 on the axis of the ordinates (Res)
in the graph of Figure 2 are considered as outliers, and that ended up impacting negatively the quality of the

adjustment, but they were preserved in order to conserve the variability in the wood physical and mechanical
properties (Christoforo et al. 2017).
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Table 1 shows that the regression model obtained was significant (P-value < 0,05), with a good accuracy of
the adjustment by the adjusted coefficient of determination (97,08 %). From the coefficients of the model, only
the mean (x_) and the lower value of the compressive strength parallel to the grain (f ) significantly affected
the characteristic values (f,) ) of compressive strength parallel to the grain, implying that the coefficient of
variation (Cv) and the highest value (Max) of f, have little effect on the estimate of f .

The exclusion of the Cv and Max factors from Equation 8 resulted in the regression model expressed by
Equation 9, whose adjusted coefficient of determination was 96,56 %, only 0,52 % difference with the com-
plete model, which reinforces the small influence of CV and Max factors.

MPa) =—-4,24+0,35x _+0,65Min| R*adj = 96,56 )
c0,k m J

Table 2 shows the ANOVA results of the regression model of Equation 9 and in Figure 2 the validation
tests of the analysis of variance.

Table 2: Results of the ANOVA of the regression model of Equation 9.

Source GL | SQ (Aj.) | QM (Aj.) | F-Value | P-Value
Regression 2 | 11050,9 | 5525,47 | 618,15 0,000
Xm 1 646,3 646,30 72,30 0,000
Min 1 | 16654 | 166540 | 186,31 | 0,000
Error 42| 3754 8,94
Fault of adjust | 41 | 3753 9,15 54,42 0,107
Pure Error 1 0,2 0,17 * =
Total 44 | 114264

* GL — freedom degrees, SQ(Aj) — sum of squares; QM(Aj) — mean squares.

W
*] [M=2n  -L2631E14
% StTev 201
o y N 45
- = AD Q3
E 2 D-Vzhe 0550
£ R
i
0
10
3
1
3 0 3 10
Res

Figure 3: Anderson-Darling normality test of residues for ANOVA validation.
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Figure 4: Residue graph versus adjusted values (b) for ANOVA validation.

The results of Figure 3 and Figure 4 show the validity of the ANOVA model, and from Table 2, it is evident
that the two factors x _and Min are significant. Again, it is verified that the lack of adjustment is not significant
and that the obtained model is significant.

The analysis of variance (at 5 % level of significance) was also used as a way of comparing the results of
the model proposed (Equation 9) with the results of the use of Equation 2 established by the Brazilian standard
to obtain f, . Figure 5 shows the mean values and confidence intervals of the mean (at the 95 % confidence
level) of the values of f,, obtained by both calculation methods, and Table 3 and Figura 6 shows the ANOVA
results and validation, respectively.

D
<
|
|

1
1

|
I

fc0,k (MPa)
& &

— N
oS O

(=)

ABNT Model

Method

Figure 5: Mean values and confidence intervals for f , obtained by both calculation methods.

Table 3: Result of ANOVA referring to the comparison of the models to obtain /|

0.k"

Source | GL | SQ (Aj.) | QM (Aj.) | Valor F | Valor-P
Method | 1 413,9 413,9 1,48 0,227
Error | 88 | 24602,1 279,6
Total | 89 | 25016,0

* GL — freedom degrees, SQ(Aj) — sum of squares; QM(Aj) — mean squares.
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Figure 6: Validation of ANOVA between the models - Anderson Darling normality test (a) and graph of re-
siduals versus adjusted values (b).

Based on the results of Table 3, the calculation model of the Brazilian standard and the regression model
proposed in this research for estimating the values of /| are statistically equivalent, even though the mean of
the values of f,, obtained by the regression model smaller when compared to the average of the values of /.
coming from the standard model (Figure 5).

FromEquation9,itshouldbepointedoutthatforagivenspeciesofwood, theaveragevalue(x )off andthelowest
value of this property of the respective set of sample results, the characteristic value (f,, ) canbe easily determined,
unlike the way of obtaining this property using the equation of the Brazilian standard (Equation 2), which initially
requires the ordering and exclusion of part of the set of experimental results for later realization of the accounts.

To verify the accuracy of Equation 9, a new species of wood (Ipé Amarelo - Taubebuia spp., Bignoniaceae)
was characterized in compression parallel to the grain. The average f,, value for twelve specimens was equal
to 81,73 MPa, and the lowest sample value obtained was 71,90 MPa. By Equation 2 of the Brazilian standard,
the characteristic strength value resulted in 78,63 MPa. According to the probability distribution models con-
sidered, the one with the best adherence was Normal, with a characteristic strength value equal to 69,75 MPa.
Using Equation 9, the characteristic strength value of the Ipé Amarelo wood was equal to 71,10 MPa. Consid-
ering the probability distribution model as a reference (of greater precision), the relative error made with the
use of Equation 9 was 1,94 %, which shows the excellent precision of the proposed alternative model.

CONCLUSIONS

The results of the regression model proposed here, with excellent accuracy (R?aj greater than 96 %) and
dependent only on the mean and minimum value of the compressive strength parallel to the grain of the set of
results, were statistically equivalent to the model proposed by the Brazilian standard, evidencing the good pre-
cision contained in the calculation model of this standard. However, the use of the regression model proposed
in this research is justified for the ease in calculating the characteristic strength value and also for providing an
accuracy, suitable to be incorporated in future versions of the Brazilian standard.
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