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This study aimed to investigate the influence of moisture content variation
on 12 mechanical properties of the Cedrelinga catenaeformis species. Of
the 12 properties, four were significantly affected (based on analysis of
variance at 5% significance level), and the compression and shear
strengths in the direction parallel to the fibers exhibited the greatest
difference in values from the saturated moisture condition of up to 12%
(approximately 34% increase). Toughness exhibited a behavior different
from that predicted by the normative equation, in which increase in
moisture content implied increase (approximately 59%) of the property
studied. Because a good part of the properties was not significantly
affected and Brazilian standard ABNT NBR 7190 (1997) considers
expressions that lead to a considerable increase in mechanical properties
with the reduction of moisture content, this approach was unfavorable to
the safety of the project, motivating the development of other studies to
collaborate in revisions of this normative document.
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INTRODUCTION

Wood is a natural renewable material, available in large quantities, and a great
resource for structural constructions. Among the materials commonly used in structures,
wood presents a high relationship between strength-to-weight and its production generates
few environmental impacts (Guzel 2020; Silva et al. 2020).

The total area of trees planted in Brazil in 2019 amounts to 9 million hectares and
the country is a world reference for forestry technology. The Brazilian sector has the
highest productivity in considering the volume of wood produced per area per year, and
for one of the shortest cycles between planting and harvesting in the world. In 2019, Brazil
had an average productivity of 35.3 m3/ha per year in Eucalyptus plantations (IBA 2020).
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Cedroarana (Cedrelinga catenaeformis) is a wood species with natural distribution
in Colombia, Peru, and Brazil (Amazonas, Rondonia, Mato Grosso, and Pard). It presents
an average value of compressive strength parallel to the fibers and apparent density of 46.6
MPa and 0.52 g/cm?, respectively (ITTO 2021).

Wood can be used as a structural material and is a component of other subsystems
(Araujo et al. 2016). For structural purposes, with safety and economy, it requires the
knowledge of its physical and mechanical properties (Trevisan ef al. 2007; Almeida ef al.
2013). In this context, conducting experiments to characterize the properties of species
used as a structural element is of supreme importance. Lack of knowledge of these wood
species attributes makes its correct use unfeasible.

One of the factors to be evaluated during the characterization process is the
percentage of moisture content present in the wood, as this variable has a great influence
on its physical and mechanical properties. In general, the strength and stiffness properties
of wood increase with the decrease in moisture content (Kretschmann 2008), which is
explained by the increase in density and stiffness of cell walls, as well as the percentage of
woody material, caused by water loss and wood contraction (Echenique and Robles 1993).

The corrective models for wood strength and stiffness properties for equilibrium
moisture present using the Brazilian standard ABNT NBR 7190 (1997) consider an
increase in the linear variation of such properties with a decrease in moisture content.
However, as wood is a natural, heterogeneous, and anisotropic material, certain properties
may not be affected by large differences in moisture content.

In this context, several studies using various methodologies have been carried out
with the purpose of evaluating and quantifying the cited influence (Carll and Wiedenhoeft
2009; Silva et al. 2012; Bader and Németh 2019; Korkmaz and Biiyiiksari 2019).

In Brazil, the design of structures and test methods for wood characterization are
carried out in accordance with the guidelines established by the Brazilian regulatory
standard (NBR) of the Brazilian Association of Technical Standards (ABNT), ABNT NBR
7190 (1997). The aforementioned normative document adopts a reference moisture for
characterizing the strength and stiffness properties of a given batch of material, and the
various moisture contents must be corrected to the standard of 12%. In addition, it indicates
that wood in structural application with moisture content above 20% should not be used,
as the wood strength and stiffness undergo variations during the hygroscopic interval until
reaching the fibers’ saturation point (FSP, moisture content close to 30%) from which it is
considered that the modulus of elasticity remains constant (Segundinho et al. 2017).

Since the Brazilian standard for wooden structures requires laboratory tests to be
carried out with a humidity of 12%, this study used analysis of variance (ANOVA) at the
5% significance level to investigate the influence of moisture content variation (from fiber
saturation point to 12% equilibrium moisture content) on 12 mechanical properties of
Cedrelinga catenaeformis wood to confirm the adequacy of the standard ABNT NBR7190
(1997), which corrects for 12% of the moisture content the values of the physical-
mechanical properties obtained in the experimental tests.
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EXPERIMENTAL

Materials

The experiments were performed at the laboratory of wood and wood structures
(LaMEM), Department of Structural Engineering, School of Engineering of Sdao Carlos
(EESC), University of Sdo Paulo (USP), which has the necessary equipment for
characterizing the physical-mechanical properties of wood samples.

The wooden pieces, with nominal dimensions of 6 cm x 16 cm x 330 cm, of
Cedroarana (Cedrelinga catenaeformis), from the south of the state of Roraima (Brazil),
were supplied in green condition and also air-dried by a company in the sector, located in
the region of the city of Sao Carlos (Brazil, SP). It should be noted that the homogeneous
lot had approximately 1 m*.

The physical and mechanical properties (Table 1) were determined following the
methods of the Brazilian standard ABNT NBR 7190 (1997). It should be noted that 12
specimens were made to perform each type of test and for each moisture content level (12%
and fiber saturation point), which resulted in 372 experiments in total.

Table 1. Physical and Mechanical Properties Evaluated

Abbreviation Properties
012 (g/cm3) Apparent Density
prsp (g/cm?®) Fiber Saturation Point Density
&t (%) Radial Shrinkage
&t (%) Tangential Shrinkage
feo (MPa) Compressive Strength Parallel to the Fibers
fo (MPa) Tensile Strength Parallel to the Fibers
fioo (MPa) Tensile Strength Perpendicular to the Fibers
fvo (MPa) Shear Strength in the Direction Parallel to the Fibers
fso (MPa) Cracking Resistance Parallel to the Fibers
fim (MPa) Conventional Strength in Static Bending Test
Eco (MPa) Elastic Modulus in Compression Parallel to the Fibers
Ew (MPa) Modulus of Elasticity in Traction Parallel to the Fibers
Em (MPa) Conventional Modulus of Elasticity in the Static Bending Test
fro (MPa) Hardness Parallel to the Fibers
fheo (MPa) Hardness Perpendicular to the Fibers
W (daN-m) Toughness

With the moisture content of the samples close to 12%, the strength and modulus
of elasticity values were corrected for the moisture content of 12% (fi2 and E12) using Egs.
1 and 2 (ABNT NBR 7190 1997), respectively, in which fu and Eu consist of the samples’
strength and stiffness associated with the U moisture content. It should be noted that the
use of such expressions is recommended for moisture content values between 12% and
20%:

[ 3 w1
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Knowing the values of strength and stiffness properties in the moisture content
associated with the fibers’ saturation point and also close to equilibrium moisture (= 12%),
Egs. 1 and 2 were also used in an attempt to estimate the properties for 12% moisture
starting from the moisture content of the experimentally determined fiber saturation point.

Based on the corrected values (close to 12% to exactly 12%) of the compressive
strength in the direction parallel to the fibers (fc0.12), Eq. 3 was used to determine the
characteristic value (fcox) for the categorization of wood into one of the strength classes of
the hardwood group (C20, C30, C40, and C60), where fi, f> to fn denote the compressive
strength values (fc0,12) in ascending order of the ‘n’ test specimens used (here n = 12):

f €)

Jeo =Max 0.7- ==
n
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Analysis

Analysis of variance (ANOVA), at a 5% significance level, using the Minitab® 19
Statistical Software (Minitab, LLC, State College, PA, USA) was used to confirm the
influence of moisture content variation (from 12% to moisture associated with the fiber
saturation point) on the examined properties. From ANOVA, a p-value (probability p)
below the significance level implies a significant difference in the means of a given
property caused by the variation in moisture content, and non-significance otherwise.

Both Anderson-Darling and Multiple Comparisons tests also evaluated at 5%
significance level, were used to verify normality in the distribution of residuals and equality
of variances. A p-value equal to or greater than the significance level implies meeting both
requirements, which validates the ANOV A model.

RESULTS AND DISCUSSION

Table 2 shows the results of the evaluated properties of Cedroarana wood related
to the moisture content of 12% (corrected values) and also the FSP. It is noteworthy that
the average values of moisture contents obtained at the fiber saturation point as well as
those close to equilibrium moisture (12% - ABNT NBR 7190) were equal to 27.11% and
12.53%, respectively. Table 2 also presents the values of the ratios between the properties
obtained for the moisture content corrected to 12% and the fiber saturation point
(12%/FSP), as well as the ANOVA results (5% significance). Anderson-Darling and
Multiple Comparison test p-values ranged from 0.096 to 0.456 and 0.116 to 0.720, which
validates the results of the ANOVA. The NBR 7190 (ABNT, 1997) limits the CV to 18%
and 28% for the properties in the normal and tangential directions, respectively. Table 2
shows that the CVs obtained are within the limit imported by the standard.

Of the 12 mechanical properties evaluated, 9 properties resulted in lower
coefficients of variation (CV) when obtained for a moisture content equal to the fiber’s
saturation point. Studies carried out by Bodig and Jayne (1992), Logsdon and Calil (2002),
and Claisse (2016) found that the strength of wood decreases with increasing moisture
content, up to the fiber saturation point, after which there is no further reduction and the
value remains constant, a fact that justifies the reduction of the coefficients of variation
from the fiber saturation point.
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Table 2. Results of Physical and Mechanical Properties of Cedroarana Wood

0,

Properties = Mc - 1%(; %) = MC - Fi':, ) p-value 12%I/FSP
5 (glom?) 0.57 11.61 0.63 11.13 0.046 0.90
£ (%) 3.54 23.17
£ (%) 6.55 19.01
feo (MPa) 42.23 25.32 31.49 18.26 0.006 1.34
fio (MPa) 62.73 28.34 55.60 27.82 0.305 1.13
fioo (MPa) 3.03 19.26 2.92 22.78 0.687 1.04
fvo (MPa) 12.18 28.86 9.05 28.30 0.021 1.35
fso (MPa) 0.58 27.42 0.58 12.54 0.901 0.99
fim (MPa) 61.13 14.97 56.02 14.80 0.166 1.09
Eco (MPa) 10522 12.91 9100 12.23 0.010 1.16
Ew (MPa) 11118 16.22 10233 15.61 0.216 1.09
Em (MPa) 10228 9.48 10047 16.67 0.748 1.02
fho (MPa) 57.81 28.54 51.54 25.25 0.313 1.12
faoo (MPa) 36.54 23.24 31.12 26.89 0.129 1.17
W (daN-m) 0.51 28.33 0.81 23.93 0.000 0.63

From ANOVA, evaluated at the 5% level of significance, p-value less than 0.05 implies the non-
equivalence of the property means, and equivalence otherwise

The characteristic value of the compressive strength in the direction parallel to the
fibers, obtained through Eq. 3, was 29.56 MPa. Thus, Cedroarana wood belongs to the C20
strength class (20 MPa < fcox < 30 MPa), as found by Aquino et al. (2018).

According to the ANOVA results of the six resistance properties investigated, only
two (feco, fvo) were significantly affected by the variation in moisture content. The
compressive strength value in the direction parallel to the wood fibers at 12% moisture was
34% higher than the value of this property in the saturated condition. A similar result was
obtained in relation to the shear strength in the direction parallel to the fibers. The values
of the other strength properties (fwo, fioo, fs0, and fim) were not affected by the variation in
moisture content; that is, the strength values for these four properties can be considered
constant or independent of the associated moisture content, which differs from the linear
variation model adopted by Eq. 1.

Of the three evaluated stiffness properties, only the compression elastic modulus in
the direction parallel to the fibers (Eco) of the wood was significantly affected. The average
value of Eco for the 12% moisture condition was 16% higher than the value of this property
for the wood in the saturated condition with a moisture content of 27.11%. The modulus
of elasticity to tension in the direction parallel to the fibers (Ew) and to bending (Eim) were
not affected by the variation in moisture content, which is different from the proposed
model of Eq. 2, in which the modulus of elasticity increases linearly with the decrease in
moisture content.

Regarding toughness (7), this property was significantly affected by the variation
in moisture content, in which an increase in moisture of 12% for the fiber saturation point
resulted in an increase of 59%. This effect was contrary to that established in the Egs. 1
and 2 considered in the estimation of strength and stiffness, in which the progressive
increase in moisture content impacts the reduction of these properties. At this point, it is
worth noting that the density was also significantly affected by the moisture content, in
which the 12% increase in the fiber saturation point resulted in a 10.53% increase in this
property. Christoforo et al. (2020) showed, through the study of regression models
involving species with varied densities, a good correlation between apparent density and
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calculated toughness at 12% moisture. The authors found that increases in density values
impacted increases in toughness values. The same effect was also found in this study.

Table 3 shows the results of the estimated mean values (Est.) of the strength and
stiffness properties using Egs. 1 and 2, as well as the associated errors (Er.).

Table 3. Results of the Estimation of the Mean Values of Strength and Stiffness

Properties Exper. Est. Diff. = Exper. — Est. Er. (%)
feo (MPa) 42.23 45.82 -3.59 8.51
fo (MPa) 62.73 80.65 -17.92 28.56
fioo (MPa) 3.03 4.27 -1.24 40.93
fvo (MPa) 12.18 13.20 -1.02 8.36
fso (MPa) 0.58 0.85 -0.27 46.03
fim (MPa) 61.13 81.67 -20.54 33.60
Eco (MPa) 10522 11849 -1327 12.61
Ew (MPa) 11118 13288 -2170 19.52
Em (MPa) 10228 13086 -2858 27.94

From the ANOVA in Table 2, it was found that only fco, fv0, and Eco were
significantly affected by the variation in moisture content. From Table 3, it can be seen that
the lowest error values came from the estimates associated with these three properties.
Because the order of error was close for both strength and stiffness, by the models, it
appears that the variation in moisture content affects strength and stiffness in the same
proportion, a result that is different from the experimental result, as the strength increases
(34% and 35%) and stiffness (16%) with the reduction in moisture content were different.
Such results point to greater strength gain than stiffness gain.

Because the other properties of strength and stiffness (fo, fiv0, fs0, fim, Eto, and Etm)
were not significantly affected by the variation in moisture content, the error in the
estimates of these properties was higher than the errors found for fco, fv0, and Eco, and this
indicates that the equations must be adjusted by type of mechanical request. It is worth
noting that the estimates were higher than the average values of the properties determined
experimentally, which results are unfavorable to the safety of the structures.

If the expressions of the Brazilian standard ABNT NBR 7190 (1997) are used for
moisture content values close to 20%, it should be noted that these expressions are
considered for moisture contents ranging between 10% and 20%, but estimated values are
still expected, significantly higher than experimental values, and this calls attention to a
need for development of new research on the subject.
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CONCLUSIONS

1. Only three of the nine properties of strength and stiffness tests were significantly
affected by the variation in moisture content, implying little precision by the equations
for estimating the strength and stiffness of wood proposed by the Brazilian standard
ABNT NBR 7190 (1997), which predict a linear increase in strength and stiffness
properties with a reduction in moisture content.
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2.

All estimated strength and stiffness properties presented values higher than those
determined experimentally, which reinforces the need for systemic revision of these
equations, usually considered in projects.

Reducing the moisture content of the fiber saturation point (27.11%) to 12% promoted
significant increases only in the values of compressive strength in the direction parallel
to the fibers (34%), in shear strength parallel to the fibers (35%), and in the modulus
of elasticity to compression in the direction parallel to the fibers (16%). Because of the
additions in such properties, a greater gain in strength values was noticed.

The toughness of the wood significantly increased (59%) with the 12% moisture
content increase for the fiber saturation point, as did the density, which also increased
(10.53%) with the increase in the moisture content.

It is notable that 8 of the 12 properties of strength and stiffness, about 67% were not
influenced by the variation in moisture content and also that the estimated properties
were all significantly higher than the values determined experimentally. Studies
involving other species are essential to reach more decisive conclusions regarding the
effects of variation in moisture content, as well as the accuracy of models for correcting
the strength and stiffness of wood, and those results that may lead to new versions of
the Brazilian standard.
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