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Abstract: This paper aims to evaluate the hypothesis regarding the homogeneity of wood batches, as
provided in the Brazilian standard for wooden structures ABNT NBR 7190 through an experimental
study simulating the condition of a sawmill where the control of the harvest region, location of the
sample in the trunk, edaphoclimatic condition, relief, and vegetation are variables that cannot be
controlled. An experimental study was performed on 15 properties (3 physical and 12 mechanical)
of Ipe (Tabebuia sp.) wood. Batches from three harvesting regions (Mucajaí [RR-A], Bonfim [RR-B],
and Cláudia [MT]) were used to verify the existence of significant differences between the properties
of the three areas. The properties were obtained following the test methods established in ABNT
NBR 7190-3, with 540 specimens being manufactured and characterized, prior to being submitted
to a statistical analysis, where ANOVA was applied with the Anderson–Darling normality test, the
homogeneity of variance of multiple comparisons, and the Tukey test. Statistical analysis indicated
that the wood harvesting regions showed significant differences in six (40%) and non-significant
differences in nine (60%) of the fifteen properties evaluated. Among the properties evaluated, the
compressive strength parallel to the grain (fc0) showed significant differences. This property is used
to classify the wood strength class according to the Brazilian standard ABNT NBR 7190-1. The batches
from the harvesting regions RR-A, RR-B, and MT were classified using the strength classes D60, D50,
and D50, respectively. These results directly impact the consideration of the homogeneity of the
batches, considering that the sawmills receive samples from different regions. For future research, a
numerical method can be applied to consider the influence of the wood harvesting area.

Keywords: wood; harvesting region; Tabebuia sp.; physical property; mechanical property

1. Introduction

Wood is widely used in construction [1–6], roof structures, bridges, and furniture
applications. Wood is a natural and renewable resource, presenting a good relationship
between mechanical strength and density [7,8], which makes it possible to apply wood for
structural purposes [9,10].

Brazil has a significant potential for the use of wood for structural applications, owing
to the diversity of wood species present in the Brazilian flora. According to Steege et al. [11],
between 1707 and 2015, 11,194 tree species, 1225 genera, and 140 families were cataloged
in the Amazon Basin. The Amazon Rainforest contains 6,850,476 km2, with an estimated
16,000 tree species, with Brazil holding a large portion of this area (4,102,893 km2) and
7694 cataloged species (with an estimated 12,655 species). Brazil is a country of continental
dimensions [12], with 8,510,295 km2, which results in a diversity of climatic zones and
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morphostructural domains that cause different edaphoclimatic conditions for different
regions of the country.

The trees of the same species planted in different harvesting regions are subjected to
different soil and climate conditions, thus causing variations in their physical and mechani-
cal properties, as noted in the research by Lahr et al. [13], Silva et al. [14], Aquino et al. [15],
and Teixeira et al. [16]. They considered wood from native forests in their research. Studies
developed to assess the influence within different harvesting region areas showed varying
results, with significant and non-significant differences [16–18]. Therefore, existing studies
do not answer all the questions in this area, so studying different species under different
conditions is necessary.

Regarding the reforestation of woods, Moraes Neto et al. [17] analyzed the changes
in wood’s physical and mechanical properties in five regions from Pinus caribaea var.
Hondurensis from Central America, extracted in the Cerrado of the Federal District in Brazil,
with a harvest age of 23 years. The physical properties of the wood studied were density
and dimensional stability (shrinkage and expansion, as a function of water content), and
the mechanical properties consisted of strength to compression, bending, tension, shear,
and cracking. No significant differences were observed in all analyzed characteristics.

Fernandes et al. [19] applied provenance tests on the silvicultural behavior of the
species Pinus sylvestris (Scots pine) populations. In this study, the effect of harvesting
regions on wood properties was analyzed, with specimens from five forest sites in Portugal
(Marão, Vinhais, Peneda, Gerês, and Serra da Estrela), with an average age of 55 years. The
harvesting area significantly influenced the densities studied, as well as the other properties
analyzed in this study.

Brazilian and foreign tree species have aroused the interest of several researchers
interested in proving their adaptability [18,20–23], which has strengthened the application
of wood in areas previously unsuitable for other species.

The Tabebuia genus has characteristics of high-density wood, high hardness, and
adaptability to different conditions, allowing it to be applied in heavy construction and
external structures. It constituting an essential group of neotropical species distributed
from the southwest United States of America to northern Chile and Argentina [24]. There
are several species of Ipes in Brazil; the species of Ipê (Tabebuia sp.) belongs to the Cerrado
biome, being present in the states of Mato Grosso do Sul, Goiás, São Paulo, Minas Gerais,
and Paraná. Due to its physical and mechanical characteristics, it is widely used in rural
constructions and has been the object of study in several areas [25–29].

As discussed in the studies by Lima et al. [30], Fernandes et al. [19], Krzosek et al. [31],
Tumenjargal et al. [32], You et al. [33], and Aquino et al. [15], the harvesting region is
a variable that can significantly affect the physical and mechanical properties of wood.
Teixeira et al. [16] claim that this condition occurs because sawmills, which sell wood for
civil construction, receive species from different regions. This factor will be considered in
future versions of the Brazilian standard ABNT NBR 7190 [34], which considers the batches
to be homogeneous, since the harvesting region sources may impact the variability and
consequently, the batch’s homogeneity.

As mentioned above, the harvesting regions may influence the wood’s physical and
mechanical properties. Besides this, the Brazilian standard for wooden structures [34]
considers homogeneous batches obtained from native forests. Therefore, this study aims
to evaluate the homogeneity hypothesis, established by Brazilian wood structure stan-
dards [34], through an experimental study simulating the condition of a sawmill, con-
sidering that the harvesting region, location of the sample in the trunk, edaphoclimatic
condition, relief, and vegetation are variables that could not be controlled. Fifteen proper-
ties (three physical and twelve mechanical) of the Ipe wood (Tabebuia sp.) were evaluated.
Batches from three harvesting regions (Mucajaí-RR-A, Bonfim-RR-B, and Cláudia-MT)
were considered. Statistical analysis was performed to verify the existence of significant
differences among the properties of the three harvesting regions. Thus, the main goal of
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this work was to evaluate the premise of homogeneous batches established in the ABNT
NBR 7190 standard [34].

2. Materials and Methods
2.1. Harvesting Regions Areas

Three batches of Tabebuia sp. wood were considered to obtain their physical and
mechanical properties. The batches were obtained in the Municipality of Mucajaí, Roraima
[RR-A] (2◦22′43′′ N; 60◦55′46′′ W), the Municipality of Bonfim, Roraima [RR-B] (3◦22′31′′ N;
59◦51′48′′ W), and the Cláudia Municipality, Mato Grosso [MT] (11◦30′12′′ S; 54◦51′38′′ W),
all of them in Brazil, as shown in Figure 1. All maps were made using software from the
Geographic Information System (GIS) and the IBGE database [35]. In addition, the three
harvesting regions are the legal origin of native species, and harvesting was authorized
by responsible authorities and bureaus. In addition, they are located within the Legal
Amazon Rainforest.
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Figure 1. The geographical location of wood harvesting areas.

The distance between the harvesting regions RR-A and RR-B is 162.10 km; between
the regions RR-A and MT, the distance is 1675.71 km, and between the regions RR-B
and MT, the distance is 1736.44 km. Despite the proximity between the RR-A and RR-B
harvesting regions, they differ in terms of the morphological zone. The RR-B and MT
regions are similar in terms of the morphological domain of Quaternary sedimentary
deposits. A morphological domain is constituted by the accumulation areas represented by
the low slope plains and terraces, depressions modeled on horizontal to subterranean areas;
sediment deposits of rivers; marine, fluviomarine, lagoon, and wind environments; located
in coastal zones or regions of the interior of the continent [35]. The RR-A harvesting region
is located in the morphological zone of Neoproterozoic cratons, which are residual plateaus
and inter-planaltic depressions. Its plateaus are based on metamorphs or granitoids,
with a cover of sedimentary rocks or volcanic plutons [35]. The representation of the
morphological zones of each harvesting region is presented in Figure 2.
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In addition, harvesting region areas are also distinguished by the climate zone in which
they are located. The MT harvesting region is located in the equatorial zone, characterized
by high temperatures, high air humidity, low thermal amplitude, and high rainfall through-
out the year [35]. The harvesting regions RR-A and RR-B are located in the tropical climate
zone of the equatorial zone, characterized by winter and summer marked by the presence
or absence of rain, with rainy summers, dry winters with little rain, high temperatures, and
low thermal amplitude [35]. The representation of the climatic zone of each harvesting
region is presented in Figure 3.

Forests 2022, 13, x FOR PEER REVIEW 5 of 16 
 

 

 
Figure 3. Map of climatic zones of harvesting areas. 

2.2. Experimental Procedure 
The batch of wood was acquired from a sawmill in São Carlos in São Paulo, Brazil. 

The pieces of wood from the different batches were stored in Laboratório de Madeiras e 
de Estruturas de Madeira (LaMEM), Department of Structural Engineering, School of En-
gineering of São Carlos, of the University of São Paulo, in order to guarantee moisture 
content close to equilibrium (12%), according to the Brazilian standard ABNT NBR 7190-
1 [36]. Twelve specimens were manufactured [34] for each type of test and each harvesting 
region (MT, RR-A, and RR-B) to evaluate the physical and mechanical properties, result-
ing in 540 experimental determinations. All properties studied are described below: 
1. Apparent density (at 12% moisture) (𝜌); 
2. Total radial shrinkage (𝜀௥,௥௔ௗ); 
3. Total tangential shrinkage (𝜀௥,௧௚); 
4. Compression strength parallel to the grain (𝑓௖଴); 
5. Tension strength parallel to the grain (𝑓௧଴); 
6. Shear strength perpendicular to the grain (𝑓௧ଽ଴); 
7. Shear strength parallel to the grain (𝑓௩଴); 
8. Splitting strength (𝑓௦଴); 
9. Bending strength parallel to the grain (𝑓௠);  
10. Modulus of elasticity in compression parallel to the grain (𝐸௖଴); 
11. Modulus of elasticity in tension parallel to the grain (𝐸௧଴); 
12. Modulus of elasticity in bending (𝐸௠); 
13. Hardness parallel to the grain (𝑓ு଴);  
14. Hardness perpendicular to the grain (𝑓ுଽ଴); 
15. Impact Strength in Bending (𝑓௕௪). 

To obtain the characteristic strength (𝑓௪௞), the results from the characterization tests 
of the samples are placed in ascending order (𝑓ଵ ≤ 𝑓ଶ ≤ 𝑓ଷ ≤. . . ≤ 𝑓௡), where 𝑛 is the num-
ber of samples, and 𝑓ଵ and 𝑓௡ are the lowest and highest strength obtained in the tests. It 
is necessary calculate the mean strength (𝑓௠); as shown in Equation (1), ABNT NBR 7190-
3 [37] determines that if the number of samples is odd, the highest strength obtained in 
the tests should be disregarded. 

Figure 3. Map of climatic zones of harvesting areas.



Forests 2022, 13, 1385 5 of 15

2.2. Experimental Procedure

The batch of wood was acquired from a sawmill in São Carlos in São Paulo, Brazil.
The pieces of wood from the different batches were stored in Laboratório de Madeiras e de
Estruturas de Madeira (LaMEM), Department of Structural Engineering, School of Engi-
neering of São Carlos, of the University of São Paulo, in order to guarantee moisture content
close to equilibrium (12%), according to the Brazilian standard ABNT NBR 7190-1 [36].
Twelve specimens were manufactured [34] for each type of test and each harvesting region
(MT, RR-A, and RR-B) to evaluate the physical and mechanical properties, resulting in 540
experimental determinations. All properties studied are described below:

1. Apparent density (at 12% moisture) (ρ);
2. Total radial shrinkage (εr,rad);
3. Total tangential shrinkage (εr,tg);
4. Compression strength parallel to the grain ( fc0);
5. Tension strength parallel to the grain ( ft0);
6. Shear strength perpendicular to the grain ( ft90);
7. Shear strength parallel to the grain ( fv0);
8. Splitting strength ( fs0);
9. Bending strength parallel to the grain ( fm);
10. Modulus of elasticity in compression parallel to the grain (Ec0);
11. Modulus of elasticity in tension parallel to the grain (Et0);
12. Modulus of elasticity in bending (Em);
13. Hardness parallel to the grain ( fH0);
14. Hardness perpendicular to the grain ( fH90);
15. Impact Strength in Bending ( fbw).

To obtain the characteristic strength ( fwk), the results from the characterization tests
of the samples are placed in ascending order ( f1 ≤ f2 ≤ f3 ≤ . . . ≤ fn), where n is the
number of samples, and f1 and fn are the lowest and highest strength obtained in the tests.
It is necessary calculate the mean strength ( fm); as shown in Equation (1), ABNT NBR
7190-3 [37] determines that if the number of samples is odd, the highest strength obtained
in the tests should be disregarded.

fm =

(
f1 + f2 + f3 + . . . + fn

n

)
(1)

As recommended by ABNT NBR 7190-3 [37], the characteristic strength value ( fwk)
was calculated according to Equation (2), where values lower than f1 and 0.7· fm are not
allowed; nor are values higher than fm.

max[ f1, 0.7· fm] ≤ fwk =

(
2

f1 + f2 + . . . + f n
2−1

n
2 − 1

− f n
2

)
·1.1 ≤ fm (2)

It should be noted that the characteristic value of the compressive strength parallel to
the grain is the measurement used to classify wood species into their strength classes in
regards to softwood and hardwood groups.

2.3. Physical Properties

The test methodologies for determining the apparent density and shrinkage of wood
are described below. All specimens were extracted from a supposedly homogeneous batch
of 12 m3.
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2.3.1. Apparent Density

Wood’s apparent density (ρ), or the conventional specific mass, is obtained from the
ratio between the mass of the sample at 12% moisture content (m12%) and its respective
volume (V12%), as expressed by Equation (3).

ρ =
m12%

V12%
(3)

To determine the apparent density, specimens measuring 20 mm × 30 mm × 50 mm,
and which contained at least five growth rings, were molded. A digital caliper with a
precision of 0.01 mm and a digital scale with a sensitivity of 0.001 g were used to measure
the specimens.

2.3.2. Wood Shrinkage

For the shrinkage property (ε), the results were obtained according to the preferred
directions 1, 2, and 3, corresponding to the longitudinal (axial), radial, and tangential (n)
directions, respectively (Equation (4)).

εr,n =

(
Ln,sat − Ln,dry

Ln,dry

)
·100 (4)

From Equation (4), r is associated with the shrinkage property, n is the reference
direction considered—1 (longitudinal), 2 (radial), or 3 (tangential)—and L is the sample
size in the considered direction

2.4. Mechanical Properties

All specimens were extracted from a supposedly homogeneous batch of wood with
12 m3.

2.4.1. Compression Parallel to the Grain

The compression strength parallel to the fibers ( fc0) is defined as the ratio between the
maximum compressive force (Fc0,max) obtained from the test and the cross-sectional area of
sample (A), as expressed in Equation (5).

fc0 =
Fc0,max

A
(5)

The modulus of elasticity in compression parallel to the grain (Ec0) is obtained from
the slope of the linear stretch of the stress versus the specific strain diagram, expressed by
Equation (6), where σ10%, σ50%, ε10%, and ε50% correspond to the compressive stresses and
strains, respectively, corresponding to 10% and 50% of the strength fc0 measured in the
third loading cycle.

Ec0 =
σ50% − σ10%

ε50% − ε10%
(6)

The specimen for the compression test parallel to the grain must have a square section
equal to 50 mm and a length equal to 150 mm in the direction of the grain.

The ABNT NBR 7190-3 [37] standard determines that the deformations measured in
the specimens in compression parallel to the grain are also evaluated using dial gauges
with a precision of 0.001 mm, which are nailed to the specimen using two metallic angles
with a nominal distance of 100 mm between the nailing lines and 25 mm away from the
ends of the specimen. The loading rate must be equal to 10 MPa·min−1, according to ABNT
NBR 7190-3 [37], and must be monotonic and increasing. The distance of 25 mm from
the edges of the specimen is justified because the crushing of the wood’s edges does not
interfere with the measurement of deformations. Considering wood’s heterogeneity, as it is
a natural material, each specimen can present different deformations [38]. The Brazilian
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standard ABNT NBR 7190-3 [37] allows for fixing the dial gauges on at least two sides of
the specimen and assigning the characteristic deformation to the mean of the deformations
recorded on each dial indicator.

2.4.2. Compression Perpendicular to the Grain

The compression strength perpendicular to the grain ( fc90), Equation (7) is defined as
the value of the compressive stress resulting from a maximum normal force (Fc90,max) acting
on area (A) for a specific deformation residual of 2 mm·m−1 (ε2mm·m−1) in the tangential
direction to the grain in a specimen.

fc90 =
Fc90,max

A
(7)

To determine the strength and modulus of elasticity in compression perpendicular
to the grain, the Brazilian standard [37] establishes that the specimen is the same used
in compression parallel to the fibers, that is, prismatic, with a square cross-section of
50 mm × 50 mm on a side and 100 mm in length in the tangential direction of the fibers,
with a dimensional accuracy of 0.1 mm. The measurement of deformations in the spec-
imen must be made on at least two of its faces. Deformations must be measured with
a precision of at least 50 µm m−1, and the testing machine must apply the loading at a
rate of 10 MPa min−1 in a monotonic manner. The strength to determine the modulus of
elasticity perpendicular to the grain must be estimated ( fc90,est) by destructive testing of
a twin specimen obtained from the same investigated sample. Loading must be applied,
with two loading and unloading cycles, following the specified procedure. Measurements
of loads and deformations must be taken at each point of the loading diagram. For instru-
mented tests, the loading must be limited to 70% of the estimated load and taken to rupture
after removal of the instruments.

Modulus of elasticity in compression perpendicular to the grain (Ec90) is obtained from
the slope of the linear stretch of the stress versus the specific strain diagram, determined
by Equation (8). Where σ10%, σ50%, ε50%, and ε50% correspond to the compressive stresses
and strains, corresponding, respectively, to 10% and 50% of the fc0 measured in the third
loading cycle

Ec90 =
σ50% − σ10%

ε50% − ε10%
(8)

2.4.3. Tension Parallel to the Grain

According to the Brazilian standard ABNT NBR 7190-3 [37], the tensile strength
parallel to the fibers ( ft0) is the maximum tensile stress applied to a standard specimen.
The recording of deformations in the rectangular specimen took place on opposite faces of
the side measuring 50 mm, using a dial indicator with an accuracy of 50 µm/m, and the
loading applied by the testing machine on the specimen obeyed the rate of 10 MPa/min.

2.4.4. Tension Perpendicular to the Grain

According to the Brazilian standard ABNT NBR 7190-3 [37], the tension strength
perpendicular to the grain ( ft90) consists of the maximum tensile stress that can be applied
to a standard specimen, expressed by Equation (9).

ft90 =
Ft90,max

At90
(9)

From Equation (9), Ft90,max is the maximum tensile force applied to the specimen
perpendicular to the grain, and At90 is the cross-section area of the specimens in which the
perpendicular force is applied (approximately 25 mm × 50 mm).

The Brazilian standard for wooden structures ABNT NBR 7190-3 [37] does not allow
this mechanical property to be considered in evaluating the safety of structures; it can only
be considered for the comparative study between different wood species. The specimen is
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produced to an accuracy of 0.1 mm in the geometry shown. During the test, the loading
should preferably be applied in the tangential direction and at a rate of 2.5 MPa/min.

2.4.5. Shear Strength

According to the Brazilian standard [37], the shear strength parallel to the fibers
( fv0) is expressed by the maximum shear stress (Equation (10)) which can be applied to a
standard specimen, with a dimensional accuracy of 0.1 mm and loading applied at a rate of
2.5 MPa/min.

fv0 =
Fv0,max

Av0
(10)

From Equation (10), Fv0,max is the maximum force applied to the specimen and Av0 is
the shear area of the specimen.

2.4.6. Splitting Parallel to the Grain

The splitting strength ( fs0) (Equation (11)) consists of the ratio between the maximum
applied force (Fs0,max) and the useful section area (As0) of approximately 75 mm × 50 mm
of the standard specimen, with 0.1 mm dimensional accuracy and applied load at a rate of
2.5 MPa/min.

fs0 =
Fs0,max

As0
(11)

The Brazilian standard ABNT NBR 7190-3 [37] recommends that the strength of
splitting parallel to the grain should be considered only as a standard value and used only
for comparative studies between wood species.

2.4.7. Static Bending

According to the Brazilian standard, the simple bending strength ( fwM) is obtained
according to Equation (12), where Mmax is the value of the maximum bending moment,
and W is the modulus of strength in static bending, which for rectangular sections is
é We = b·h2/6, where b and h are the measurements of the base and height of the cross-
section of the sample, respectively.

fwM =
Mmax

We
(12)

The simple bending test (structural model of three-point bending test), defined
by the Brazilian standard ABNT NBR 7190-3 [37], consists of applying a concentrated
load at the midpoint of a specimen supported by supports (the length between sup-
ports is 21·h = 21 × 50 = 1050 mm) at its ends; the geometry of the sample cross-section is
50 mm × 50 mm and the length if 1150 mm.

The stiffness or modulus of elasticity (EM) of wood in bending (Equation (12)) is
obtained by the slope of the secant line to the load curve × vertical displacement between
the values corresponding to 10% and 50% of the maximum load FM, and the maximum
load FM is determined by destructive testing of a twin specimen.

EM =
(FM,50% − FM,10%)·L3

(V50% −V10%)·b·h3 (13)

From Equation (13), FM,10% and FM,50% are loads corresponding to 10% and 50%
of the estimated maximum load (FM) applied in the specimen, V10% and V50% are the
displacements measured in the mid-span of the specimen corresponding to 10% and 50%
of the estimated maximum load (FM), and b, h, and L consist of the measurements of the
width, height, and length of the specimen, respectively.

The estimated load (FM) used to determine the stiffness of the sample is the same
defined by the ABNT NBR 7190-3 [37] standard as the one that causes the rupture of the
twin specimen. Once the estimated strength value fM,est is known, the loading must be
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applied to the specimen in two loading and unloading cycles at a rate of 10 MPa/min.
Displacements under the load application point must be measured at each point of the
loading diagram by displacement transducers with an accuracy of 0.01 mm. In this case, the
displacements are recorded up to 70% of the estimated load, then the measuring instrument
is removed, and the load is increased until the specimen breaks.

2.4.8. Janka Hardness

This test aims to determine the hardness of wood from a homogeneous batch. The
Brazilian standard establishes the method proposed by Janka as a criterion to determine the
degree of hardness of a specific species. The Janka scale conventionally defines hardness
( fH) as the maximum force (Fmax) of compression that acts on the face of the specimen with
the penetration of a semi-sphere of diametric area (Asec diam) of 100 mm2 [39]. This must
occur a single time, as prescribed by ABNT NBR 7190-3 [37]. Janka hardness is measured
in the direction parallel ( fH0) and perpendicular ( fH90) to the fibers. The prismatic shape
of the specimen has a cross-section measuring 50 mm × 50 mm and a parallel length of
150 mm, made with a dimensional accuracy of 0.1 mm. The scheme of the device used to
determine the Janka hardness degree is proposed by ABNT NBR 7190-3 [37].

2.4.9. Tenacity and Impact Strength in Bending

This test aims to determine the Tenacity (W) of the wood, which consists of the energy
required to fracture the specimen (20 mm × 20 mm × 300 mm). It is calculated using
Equation (14), where m is the pendulum’s mass (m = 15.6 kg, P = 153 N), g is the acceleration
due to gravity (9.81 m/s2), and L is the length of the arm of the Charpy pendulum, which is
the maximum lift calculation of the gravitational potential energy, and L′ is the final height
the pendulum reaches after the impact with the wooden specimen.

W = m·g·
(

L− L′
)

(14)

Knowing the Tenacity (W) allows for the calculation of the flexural impact strength
( fbw), as expressed in Equation (15), where b and h are the measurements of the cross
section (20 mm × 20 mm) of the specimen used. The impact strength in the bending of the
wood allows a more precise analysis of the structure when dynamic actions request it.

fbw =
1000·W

b·h (15)

2.5. Statistical Analyses

The influence of wood harvesting regions (RR-A; RR-B; MT) on batch homogeneity
of the Ipe wood (Tabebuia sp.), based on its physical and mechanical properties, was
investigated. An analysis of variance at 5% significance (α) was used, with the equivalence
between the mean values of the properties as the null hypothesis (H0), and the non-
equivalence as an alternative hypothesis (H1). A p-value lower than the significance level
implies rejecting H0, and accepting it otherwise. Tukey’s multiple comparisons test was
used to properly group factor levels.

For ANOVA validation, normality (Anderson–Darling test) in the distribution of
responses and homogeneity of variances between factor levels (Bartlett’s test) were evalu-
ated. Both tests were considered at 5% significance. The Anderson–Darling test indicated
normality in the distributions as the null hypothesis and non-normality as an alternative
hypothesis. Bartlett’s test used the equivalence of variances between treatments as the null
hypothesis and non-equivalence as an alternative hypothesis. For these tests, the p-value
greater than the significance level implies accepting H0, and refuting it otherwise.

3. Results and Discussion

Tables 1–3 are present the mean results (x) and the coefficients of variation (Cv), maxi-
mum values (Max), minimum values (Min), and confidence interval (CI-95% confidence) of



Forests 2022, 13, 1385 10 of 15

the physical and mechanical properties investigated in Tabebuia sp. wood for the harvesting
regions RR-A, RR-B, and MT, respectively.

An analysis of the results presented in Tables 1–3 of Ipes (Tabebuia sp.) wood are
presented in this research. The apparent density (ρ) considering the mean values obtained
for the RR-A (1.04 g cm−3), RR-B (1.11 g cm−3), and MT (1.06 g cm−3) harvesting regions
are higher than those found by Ross and FPL [40] (0.92 g cm−3).

Considering the mean values of total radial shrinkage (εr,rad). The values obtained in
the present study for the harvest regions RR-A (4.7%), RR-B (5.7%), and MT (5.42%) are
lower than the values obtained by Ross and FPL [40] (6.6%). However, for the property of
total tangential shrinkage (εr,tg), the RR-B harvest region (9.39%) presented values higher
than the values obtained by Ross and FPL [40] (8%), while the RR-A (6.6%) and MT (7.62%)
harvest regions presented lower values.

For the compressive strength parallel to the grain ( fc0), RR-A (81.3 MPa), RR-B
(68.13 MPa), and MT (73.68 MPa) values were lower than those obtained by Ross and
FPL [40] (89.7 MPa). When compared to the result of Branco et al. [29] (74.75 MPa) the RR-B
and MT harvesting regions showed lower and RR-A higher values.

Table 1. Results of physical and mechanical properties tests for Tabebuia sp. wood from harvesting
regions RR-A.

Property –
x Cv (%) Max Min CI

ρ (g cm−3) 1.04 4.48 1.12 0.93 1.01; 1.06
εr,rad (%) 4.70 3.63 4.99 4.41 4.61; 4.8
εr,tg (%) 6.60 6.65 7.18 5.51 6.36; 6.85
fc0 (MPa) 81.73 9.31 98.50 71.90 77.43; 86.04
ft0 (MPa) 103.05 33.95 160.80 52.80 83.26; 122.84
ft90 (MPa) 3.33 33.22 4.70 1.20 2.71; 3.96
fv0 (MPa) 21.42 21.38 27.80 12.40 18.83; 24.01
fs0 (MPa) 0.66 27.83 1.00 0.40 0.55; 0.76
fm (MPa) 129.74 15.28 159.40 101.30 118.52; 140.96
Ec0 (MPa) 16,597.27 7.80 18,926.70 14,116.80 15,864.88; 17,329.66
Et0 (MPa) 16,605.22 15.85 20,969.30 12,146.50 15,115.62; 18,094.81
Em (MPa) 16,645.41 11.01 21,781.70 14,591.60 15,608.41; 17,682.41
fH0 (MPa) 163.59 8.08 182.00 138.10 156.11; 171.07
fH90 (MPa) 127.01 19.27 170.20 76.60 113.16; 140.85
fbw (kJ/m2) 34.32 43.87 66 15.80 25.80; 42.84

Table 2. Results of physical and mechanical properties tests for Tabebuia sp. wood from harvesting
regions RR-B.

Property –
x Cv (%) Max Min CI

ρ (g cm−3) 1.11 2.47 1.16 1.05 1.09; 1.12
εr,rad (%) 5.70 8.68 6.35 4.79 5.42; 5.98
εr,tg (%) 9.39 10.14 10.73 7.51 8.85; 9.93
fc0 (MPa) 68.13 13.56 84.40 55.40 62.9; 73.36
ft0 (MPa) 92.05 27.15 151.10 64.00 77.91; 106.19
ft90 (MPa) 2.66 47.95 6.30 1.50 1.94; 3.38
fv0 (MPa) 22.40 14.07 26.70 17.60 20.62; 24.18
fs0 (MPa) 0.81 26.69 1.20 0.40 0.69; 0.94
fm (MPa) 107.98 17.41 148.30 76.50 97.34; 118.61
Ec0 (MPa) 17,840.00 10.19 20,596.60 13,842.00 16,811.2; 18,868.8
Et0 (MPa) 16,330.23 10.48 19,534.70 14,038.00 15,362.08; 17,298.38
Em (MPa) 16,167.70 9.93 19,463.70 13,823.00 15,259.75; 17,075.65
fH0 (MPa) 142.47 12.05 161.00 107.70 132.76; 152.18
fH90 (MPa) 123.56 10.35 142.00 101.50 116.32; 130.79
fbw (kJ/m2) 40.95 25.64 58.88 20.73 35.01; 46.89
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Table 3. Results of physical and mechanical properties tests for Tabebuia sp. wood from harvesting
regions MT.

Property –
x Cv (%) Max Min CI

ρ (g cm−3) 1.06 4.27 1.12 0.98 1.03; 1.08
εr,rad (%) 5.42 9.57 6.26 4.86 5.13; 5.71
εr,tg (%) 7.62 12.07 9.65 6.52 7.1; 8.14
fc0 (MPa) 73.68 16.04 88.30 49.90 66.99; 80.36
ft0 (MPa) 93.25 20.08 132.00 57.80 82.66; 103.84
ft90 (MPa) 3.47 38.94 6.10 2.00 2.7; 4.23
fv0 (MPa) 21.76 15.47 28.70 16.90 19.85; 23.66
fs0 (MPa) 0.68 37.97 1.30 0.30 0.53; 0.82
fm (MPa) 117.41 17.10 153.20 88.90 106.05; 128.77
Ec0 (MPa) 17,363.31 14.97 21,427.40 13,399.50 15,892.92; 18,833.7
Et0 (MPa) 18,332.11 13.03 22,804.90 15,132.00 16,980.63; 19,683.58
Em (MPa) 18,052.48 10.91 21,400.40 15,177.00 16,937.98; 19,166.97
fH0 (MPa) 143.59 21.78 195.40 98.60 125.9; 161.29
fH90 (MPa) 119.31 23.77 172.30 82.30 103.26; 135.35
fbw (kJ/m2) 41.67 30.44 71.50 20.25 34.49; 48.84

The average values of tension strength parallel to the grain ( ft0) found in the RR-A
regions (103.05 MPa) are higher than those obtained by Branco et al. [29] (96.45 MPa).
However, the average values for the RR-B (92.05 MPa) and MT (93.25 MPa) harvest regions
presented lower values.

Evaluating the shear strength parallel to the fibers ( fv0) obtained in the regions of
RR-A (21.42 MPa), RR-B (22.40 MPa), and MT (21.76 MPa) these values were similar to
those obtained by Branco et al. [29] (21.85 MPa) and presented higher values than those
obtained by Ross and FPL [40] (14.3 MPa).

The values obtained for the bending strength parallel to the grain ( fm) in the RR-B
(107.98 MPa), and MT (117.41 MPa) harvesting regions presented lower values than those
obtained by Branco et al. [29] (119.25 MPa). However, the RR-A (129.74 MPa) harvesting
region presented higher values.

The values obtained for the modulus of elasticity in compression parallel to the fibers
(Ec0) in the regions of RR-A (16,605.22 MPa), RR-B (17,840 MPa), and MT (17,363.31 MPa)
presented similar values to those obtained by Branco et al. [29] (17,252 MPa) and lower
values than those obtained by Ross and FPL [40] (21,600 MPa).

The results of the modulus of elasticity in tension parallel to the grain (Et0) and
modulus of elasticity in bending (Em) were similar to those obtained by Branco et al. [29].

In order to evaluate the strength of each harvesting region, the characteristic strength
(fwk) was calculated based on Equation (2) used to classify the wood based on the strength
classes established by the ABNT NBR 7190-1 [36] standard, as summarized in Table 4.

Table 4. Characteristic strength and strength class for each harvesting region area.

Property
RR-A RR-B MT

fwk Grading fwk Grading fwk Grading

fc0,k (MPa) 78.63

D60

52.93

D50

53.37

D50

ft0,k (MPa) 64.15 62.13 67.69
ft90,k (MPa) 1.03 1.67 1.58
fv0,k (MPa) 12.54 20.22 19.54
fs0,k (MPa) 0.29 0.51 0.40
fm,k (MPa) 106.08 84.66 94.53
fH0 (MPa) 154.79 114.49 97.57
fH90 (MPa) 100.76 114.97 90.49
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Based on Table 4, it is possible to observe different characteristic values of the strength
classes for the different harvesting regions. The batches from the harvesting regions RR-A,
RR-B, and MT were classified according to strength classes D60, D50, and D50, respectively.
Directly impacting the design process, considering the concept of homogeneous batches
for native forest wood of the standard ABNT NBR 7190-1 [36], is the fact that the sawmill
conditions in regards the harvesting region, location of the sample in the trunk, soil and
climate conditions, relief, and vegetation of the logs that are processed to produce structural
elements are not controlled. Therefore, it is necessary to evaluate a strength correction
factor that considers the factors of the harvesting region.

ANOVA, normality (Anderson–Darling [A-D]), multiple comparisons (C-M) (Bartlett’s
test), and Tukey’s multiple comparisons tests were all applied to verify the influence of
the harvesting region on batch homogeneity of Ipe wood (Tabebuia sp.), based on its
physical and mechanical properties. Moreover, we investigated the existence of significant
differences in batches, where the same letters imply treatments with equivalent methods;
the results are presented in Table 5.

Table 5. Results of ANOVA and Tukey’s test for physical and mechanical properties of Tabebuia sp.

Property
p-Valor Tukey (Grouping)

ANOVA A-D C-M RR-A RR-B MT

ρ (g cm−3) 0.001 0.053 0.245 B A B
εr,rad (%) 0.001 0.984 0.063 B A A
εr,tg (%) 0.001 0.908 0.075 A C B
fc0 (MPa) 0.006 0.814 0.538 A B AB
ft0 (MPa) 0.557 0.190 0.145 A A A
ft90 (MPa) 0.250 0.225 0.827 A A A
fv0 (MPa) 0.810 0.159 0.415 A A A
fs0 (MPa) 0.187 0.293 0.454 A A A
fm (MPa) 0.035 0.890 0.974 A B AB
Ec0 (MPa) 0.312 0.762 0.054 A A A
Et0 (MPa) 0.080 0.374 0.297 A A A
Em (MPa) 0.041 0.019 0.777 AB B A
fH0 (MPa) 0.057 0.349 0.072 A A A
fH90 (MPa) 0.713 0.093 0.101 A A A
fbw (kJ/m2) 0.318 0.516 0.546 A A A

Tukey’s multiple comparison test showed significant differences between groups for
the properties ρ, εr,rad, εr,tg, fc0, fm, and Em. The differences were confirmed with ANOVA
results that showed p-values lower than the significance level of 5%. Furthermore, it is
possible to observe the non-predominance of equivalence between the harvesting region
areas based on Tukey’s multiple comparisons test.

The normality test (Anderson–Darling [A-D]) showed a p-value of less than 5% for the
property Em, which implies the rejection of the null hypothesis H0 of normal distribution.
For the other properties, the p-value was higher than the significance level of 5%, which
means that the null hypothesis H0 was accepted, and the results obtained followed the
normal distribution. For the multiple comparisons test (C-M) (Bartlett’s test), all properties
showed p-values greater than the significance level of 5%, which implies accepting the null
hypothesis H0 and indicates the homogeneity of variance.

Tukey’s multiple comparisons test showed no significant differences for the properties
ft0, ft90, fv0, fs0, Ec0, Et0, fH0, fH90, and fbw. Where the properties ft0, ft90, fv0, fs0, Ec0, Et0,
fH90, and fbw had a p-value with a significance level greater than 5%, for these properties,
the normality test (Anderson–Darling [A-D]) and multiple comparisons (C-M]), for all
responses investigated, Tables 4 and 5 show that the wood harvesting region was significant.
The results indicated that the wood harvesting regions showed significant differences in
six (40%) and non-significant differences in nine (60%) of the fifteen properties evaluated.
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Silva et al. [14] evaluated Cupiúba wood in three different harvesting regions, us-
ing the test methodology of the standard ABNT NBR 7190-3 [37] (the same used in this
work), evaluating the same properties. The analysis of variance verified the influence of
the harvesting regions and observed a result with significant differences in 50% of the
properties studied.

Aiming to evaluate the influence of the harvest region, Aquino et al. [15] evaluated
Cambará wood for three different harvest regions, using the test methodology of ABNT
NBR 7190-3 standard [37], studying the same properties used in this work. An analysis
of variance allowed for the observation of significant differences in 11% of the proper-
ties studied.

Similarly, Teixeira et al. [15] examined Angelim Pedra wood for three different harvest-
ing regions, using the test methodology of the ABNT NBR 7190-3 standard [37], studying
the same properties as those used in the present work. They conducted a statistical analysis
employing an analysis of variance and obtained results with significant differences in
15% of the properties studied. Under the same conditions, Lahr et al. [13] obtained 100%
non-significant differences in the studied properties.

It can be observed that there are significant differences in the study performed, which
was observed in the studies by Silva et al. [14], Aquino et al. [15], and Teixeira et al. [16].
However, in the research developed by Lahr et al. [13], no significant differences were
observed for the specimens with 12% moisture conditions, which shows the importance of
studying different species and conditions.

Given this, the application of a small amount of research does not resolve all questions
regarding the influence of the harvesting region on batch homogeneity of the wood based
on the physical and mechanical properties.

4. Conclusions

The methodology proposed in this work allowed us to observe significant differences
between the three batches of Tabebuia sp. extracted from three locations, considering the
statistical analysis (ANOVA, Tukey’s test, Anderson–Darling normality test, and multiple
comparisons). The batches from the different regions showed significant differences in
six (40%) and non-significant differences in nine (60%) of the fifteen properties evaluated.

Among the properties that resulted in significant differences, the compressive strength
parallel to the grain is a crucial parameter for the design of wooden structures, being
necessary to evidence possible variations for the same species according to the point of
harvesting region. It directly impacts the consideration of batch homogeneity provided
for in ABNT NBR 7190-1 [36], since a single batch of the same species can receive samples
from different regions of the country and considering the sawmill condition where the
harvesting region, location of the sample in the trunk, soil and climate conditions, relief and
vegetation of the logs that are processed to produce structural elements are not controlled.
Therefore, it is necessary to evaluate a strength correction factor that considers the factors
of the harvesting region for future version of ABNT NBR 7190 [34].

The analysis of the influence of the harvesting region on other species, as shown, yields
different results according to the species analyzed. Therefore, a proposal of regression
models (with density) to estimate other wood properties for the reforestation of woods is
suggested. Such action can facilitate the knowledge of the properties of these species and
expand their possible applications.
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