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Abstract Toughness is the mechanical property that determines the wood strength when a force acts in a short time
interval. Its value is determined in the bending impact test. Timber has to resist to impact forces in several applications,
nevertheless this property is not widely studied to tropical wood species from Brazil. This study aimed to correlate the
toughness and the impact strength of wood with the modulus of elasticity and the strength in the compression parallel to grain
test. Therefore ten tropical species, from different strength classes, grown in Brazil were tested according to the Brazilian
Standard Code ABNT NBR 7190:1997. The studied species were: Cedro (Cedrella sp.), Cambara Rosa (Erisma uncinatum
Warm), Cedrorana (Cedrelinga cateniformis), Catanudo (Calophyllum sp.), Cupiuba (Goupia glabra), Angelim Saia (Parkia
spp.), Tatajuba (Bagassa guianensis Aubl.), Guaicara (Luetzelburgia sp.), Cumaru (Dipteryx odorata) and Angelim
Vermelho (Dinizia excelsa Ducke). It was developed a relation between the studied properties through regression models,
evaluated according to the variance analysis (ANOVA). The results of the statistical analysis revealed led to the conclusion
that there is no correlation between the proposed properties for the analyzed species.
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the tradition, reinforced concrete and steel structures are
1. Introduction more used in the constructions of the country. Furthermore,
the disregard for timber comes from the lack of information
and the misuse of the material, mostly due to the lack of
emphasis given to its applications in engineering and
o ; > architecture courses [5].
of th@ Brazilian territory. The rain forest covers around 63% The Brazilian Standard Code ABNT NBR 7190:1997 [6]
of this area. The proper use of the wood ensures the forest sets the design criteria of timber structures, as well as the

recovery, ensuring a continuous supply (1, .2]’ procedures to evaluate physical and mechanical properties of
As an engineering material wood is used in roof structures, woods

frames, floors and finishing in Brazil. Besides that, it is used Kollmann and C6té [7] define that a stress caused by an
n tf};elde.xecutl(;.n I()ihaﬁe 0§. bulldgl%S n COESt;uCtlonh slltes, impact acts in a short time interval. A bean has a greater load
s}<l:a 0 d e, pla lia N oarll(ling Zn_ formwgr : eve(? N e;s’ bearing capacity to resist to a shock of a suddenly applied
the i ustry lacks consolidate n ormation regarding t € load than when a static forces acts. The impact resistance is
quality and performance of Brazilian wood species, which expressed as the energy absorbed by a specimen

leags to.1ts 1rlrlat1on£11 use [3, 4]. £ th ¢ d Bodig and Jayne [8] express toughness as the energy
esp1t§ the a ‘an_ta%; ¥ Fi_ t ¢ use dol WO(;) Das 4 required to cause the complete failure of a specimen. The

construction material, in Brazil it 1s not widely used. Due to greater the impact strength of the specimen the grater is its

. toughness value.
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Wood is a natural material, renewable and abundant in
Brazil. The called “Amazénia Legal” is approximately five
millions square kilometers long, which corresponds to 59%
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examples. In this cases, timber members have more chances
to failure when subjected to impact stresses than by stresses
from static loads [9-12].

It is worth mentioning that, in order to perform the impact
bending test, it is necessary to use a very specific equipment,
the called impact machine. This machine is rarely found in
the Brazilian’s research centers. Thus, it is identified the
importance of the development of research in the search of
estimating the toughness in function of other properties of
the wood [13-16].

The impact bending test defines the material brittleness
when stress beyond the proportional limit is applied [17].
There are several types of machines used on the test, as the
Charpy and Izod. According to the Charpy test, the
toughness value is determined based on the pendulum
movement (Fig. 1). The system consists of a rod and the
pendulum head acts like a body of weigh B, located at a
distance 1 from the rotation axis O, at point C. At the
beginning of the test, the mass center is at an initial high (h;)
from the point A. When free loosely the pendulum reaches a
maximum high hy, hy < h; due to the friction.

Figure 1. Pendulum impact used for the toughness value determination [8]

The energy that causes the completely failure is the
difference from the energy before and after the pendulum
touches the specimen S. After the failure, the C, high reduces
to A,. The toughness (T) value can be determined using Eq. 1,
were K e K, are the initial and final pendulum kinetic energy,
respectively.

T=Ky-K, (1)

The kinetic energy (W) necessary to causes the specimen
rupture can be expressed as the variation of the potential

energy of the pendulum (Eq. 2).
T=W=B-hy-B-h, =B-(hy—h,) 2)

Eq. 3 and Eq. 4 expressing the highs hy and h, in terms of
the angles B3 and & (Fig 1.), respectively.

hg=1-1-cos(B)=1-(1—-cos(B)) (3)
h, =1-1-cos(8)=1-(1-cos(8)) 4)

Eq. 5 is Eq. 2 rewritten in function of Eq. 3 and Eq. 4. At
Eq. 5, the weigh (B) is expressed in N, the length (/) in meter
and toughness (W) in N-m.

W =B-1-(cos(B)- cos(5)) Q)

Other papers tried to correlate the toughness of the wood
with other properties.

Stolf et al. [13] studied the relation between the growth
ring orientation and the toughness of four wood species
(Parkia pendula, Eucalyptus grandis, Pinus elliottii and
Corymbia  citriodora)  considering  three  different
orientations, thus the orientation causes tensile strength in
fibers close to the pitch, close to the bark and in the radial
direction. Results showed that there is no significant
variation in the toughness value according to the different
growth ring orientation.

Almeida et al. [15] tested six wood species (Teca, Parica,
Pinus, Eucalipto, Jatoba and Angico) in order to determine
their density. The work followed the procedures of the
American Standard Code ASTM D5536:1995 [18] and of
the Brazilian Standard Code ABNT NBR 7190:1997 [6] to
determinate the toughness and density of the specimens. In
order to find a relation between those properties, linear,
quadratic and cubic polynomial regression models were used.
They concluded that it is possible to determinate toughness
as a function of the density. The cubic polynomial regression
model proved to be more efficient for this purpose.

In the same area, Christoforo ef al. [19] investigated the
estimation wood toughness as a function of density using
linear, quadratic and cubic regression models. In his studies,
fifteen different Brazilian wood species were analyzed. They
concluded that it is possible to estimate the toughness based
on density and that the quadratic regression model presented
the best results.

Pazos et al. [20] tested sixteen Mexican wood species in
dry and saturated conditions. The test methods defined by
ASTM D143:1999 [21] and by NF B51-009:1942 [22] were
used, the first one being performed by an FPL type machine
and the second by an Amsler type machine. Were observed
that the saturated wood presents the highest values of
toughness.

Beltrame et al. [23] tested ten samples of the
Acgoita-Cavalo wood specie (Luehea divaricata) with
moisture content of 12% and saturated, in order to determine
a correlation between the toughness of the wood and the
humidity condition. Tests were carried out using
recommendations from COPANT 458:1971 [24] and ASTM
D5536:1995 [18]. They concluded that the tested wood
presents greater impact resistance when saturated.

From the above, it is clear that greater technical
knowledge of the applications and properties of Brazilian
wood species are of major importance for the rationalization
of its use [25-27].

The aim of this work is to find correlations that allow to
estimate the toughness and the impact bending strength in
function of the modulus of elasticity and the strength in the
compression parallel to the grain of ten different Brazilian
wood species.
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2. Materials and Methods

Brazilian wood species utilized on this work are natural
species from certified area from Amazon Forest. Table 1
shows the studied Brazilian wood species, its scientific name
and the strength class (SC) according to ABNT NBR
7190:1997 [6].

Specimens were prepared in Wood and Timber Structures
Laboratory (LaMEM), Structural Engineering Department
(SET), Sao Carlos Engineering School (EESC), Sdo Paulo
University (USP), Brazil. For the tests, the moisture content
of all specimens were equal to 12%, according to ABNT
NBR 7190:1997 [6].

Table 1. Brazilian wood species

Wood Specie Scientific name SC

Cedro

Cedrella sp.
C20

Cambara Rosa Erisma uncinatum Warm

Cedrorana Cedrelinga cateniformis
C30
Catanudo Calophyllum sp.
Cupiuba Goupia glabra
C40
Angelim Saia Parkia spp.
Tatajuba Bagassa guianensis Aubl.
C50
Guaigara Luetzelburgia sp.
Cumaru Dipteryx odorata
C60
Angelim Vermelho Dinizia excelsa Ducke

2.1. Compression Parallel to the Grain Tests

Compression parallel to the grain tests were conducted
according to the Annex B from the “ABNT NBR
7190:1997”. For each Brazilian wood specie studied, 12
specimens with square cross-section (A) of 5.0 cm and 15 cm
on grain direction (Fig. 2).

Figure 2. Tatajuba wood specie specimen to compression parallel to the
grain test

Tests was conducted according to ABNT NBR 7190:1997
[6], at a AMSLER universal machine testing, with load
capacity of 25 ton.

For each wood specie, were determined the compression
parallel to the grain strength (f,0) (Eq. 6) and modulus of
elasticity in compression parallel to grain loads (E.) (Eq. 7),
where: F g is the maximum compression force; ;¢ and Gsqs,
are the 10% and 50% correspondent to compression parallel

to the grain strength estimated (feoest); €10 and esgo, are the
specimen strain corresponding to 6oy, and Gsgs,, respectively.

FcO

foo = A (6)

_550% —S10%
Eqp="7""—" (7

€50% ~€10%

2.2. Impact Bendind Tests

Impact bending tests were conducted according to the
Annex B from the ABNT NBR 7190:1997 [6].
Recommendations of ASTM D143:1999 [21] were adopted
to determine wood toughness. For each wood specie studied,
were fabricated 20 specimens with square cross-section of
2.0 cm and 30 cm on grain direction (Fig. 3).

Figure 3. Tatajuba wood specie specimen to impact bendig test

Tests were conducted in a machine projected based on a
FPL machine [21] (Fig. 4).

Figure 4. Machine used to impact bending tests

Energy absorbed by the specimen were determined
according to the Eq. 5. Impact bending strength (fy,,) were
determined according to the Eq. 8 [6], were, b and h are
square cross-section dimension of specimen, respectively.

1000~ W

v =T ®
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2.3. Statistical Analysis

To correlate the values found for toughness (W) and for
impact strength (f,,) with modulus of elasticity (E.,) and
strength (fy) in the compression parallel to the grain test,
regression models were used (Eq. 9 until Eq. 12), where a
and b are the parameters of the functions adjusted by the
minimum squares method, Y is the independent variable and
X is the dependent variable.

Table 4. Results for Cedrorana wood specie

Y=a+b-x Linear relation )
Y =a.e2% Exponential relation (10)
Y=a+b-h(x)  Logarithmic relation (11)
Y=2a-x° Geometric relation (12)

In order to determine the quality of the regression models,
these were evaluated according to analysis of variance
(ANOVA); being the non-representativeness of the models
admitted as null hypothesis and the representativeness as an
alternative hypothesis. The models were considerate with
5% level of significance (o). For a P-value greater than
the level of significance, it was considered that the model
is not representative and for a P-value less than 5%, it was
considered that the model is representative.

To evaluate the correlation between the independent
variable and the dependent variable was used the coefficient
of determination (R?), this way it was possible to determine
which of the models considered best fit the relation tested.
The efficiency of the models was tested considering the
wood species separately and as a group with all wood
species.

3. Results

Table 2 until 11 presents the average values (Yy), the
coefficient of variation (Cv), the minimum (Min) and the
maximum (Max) values found for toughness (W), strength in
the impact bending test (fyy,), modulus of elasticity (E.) and
strength (fy) in compression parallel to the grain tests, for
each one of the studied wood species.

Table 2. Results for Cedro wood specie

Stat.s fow (kJ/m*) W (N-m) f,(MPa) E,(MPa)
y 20.02 8.01 31 8962
Cv (%) 25.33 25.33 14.43 8.54
Min 12.55 5.02 22 7894
Max 28.60 11.44 38 10305
Table 5. Results for Catanudo wood specie
Stat. fow (kJ/m?>) W (N-m) fo(MPa) E, (MPa)
y 33.65 13.46 51 14279
Cv (%) 23.53 23.53 6.78 12.58
Min 20.75 8.30 46 11708
Max 49.00 19.60 57 17950
Table 6. Results for Cupiuba wood specie
Stat. fow (kJ/m*)  WQNm) foMPa) E,(MPa)
y 15.35 6.14 57 12970
Cv (%) 37.76 37.76 13.84 15.35
Min 8.00 3.20 49 9964
Max 25.50 10.20 74 16162

Table 7. Results for Angelim Saia wood specie

Stat.  fo, (kJ/m’) W (N'-m) fo(MPa) E,(MPa)
¥ 19.46 7.78 31 8354
Cv (%) 27.67 27.67 17.46 14.09
Min 10.75 4.30 27 6515
Max 27.43 10.97 44 10915

Table 3. Results for Cambara Rosa wood specie

Stat. fow (kJ/m*)  WQNm) foMPa) E,(MPa)
y 11.38 4.55 63 19748
Cv (%) 13.53 13.53 14.12 16.49
Min 8.50 3.40 47 13274
Max 13.25 5.30 76 25713
Table 8. Results for Tatajuba wood specie
Stat. fiw (kJ/m*») W Nm) foMPa) E,(MPa)
y 7.52 3.39 60 26723
Cv (%) 45.24 45.92 7.11 25.22
Min 1.85 0.86 52 20763
Max 13.44 5.98 66 46958
Table 9. Results for Guaigara wood specie
Stat. fow (kJ/m*») W Nm) foMPa) E,(MPa)
y 44.98 17.99 71 15301
Cv (%) 19.64 19.64 12.57 15.80
Min 27.50 11.00 58 11073
Max 61.00 24.40 84 17959
Table 10. Results for Cumaru wood specie
Stat. fow (kJ/m?) W (N-m) fo(MPa) E, (MPa)
y 57.32 22.93 93 23002
Cv (%) 20.42 20.42 5.64 10.76
Min 41.75 16.70 85 18480
Max 75.25 30.10 103 26550

Stat. fow (kJ/m?) W (N-m) foo (MPa) E. (MPa)
y 8.38 335 35 12967
Cv (%) 18.73 18.73 14.93 18.00
Min 5.00 2.00 27 9732
Max 10.25 4.10 43 16960
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Table 11. - Results for Angelim Vermelho wood specie Regression models were used in order to find a correlation
Stat. fon (J/M?) W (N-m) fo(MPa) E (MPa) between the determined properties. Linear, exponential,
y 49 52 19.81 78 16695 logarithmic and geomeFric relationships between. data were
Cv (%) 34.93 34.93 758 17.82 aTn?)llyze;l 2to ﬁ::lldi 231 function tl;lat llzest rfepresgnts '[hf?lr (ti)efhaw}(l)r.
Min 255 10.10 66 9494 ables 12 an presents the functions ete.rmlr}e or the
studied species as well as for each combination of the

Max 75.25 30.10 90 20935

properties analyzed.

Table 12. Regression models to estimate W and f,, (Part A)

Wood Species Y (x) Relation a b R* (%) P-value
W (Eco) Exponential 7.9497 0.0000 0.08 0.9305
Cod W (feo) Logarithmic 18.2540 -3.0483 5.11 0.4797
edro
fow (Eco) Exponential 19.8763 0.0000 0.08 0.9306
fow (feo) Logarithmic 45.6345 -7.6196 5.11 0.4798
W (Ec) Logarithmic 17.8705 -2.0000 19.54 0.1501
W (fo0) Logarithmic 5.0000 0.0000 0.66 0.8012
Cambara Rosa
fow (Eco) Logarithmic 45.0000 -4.0000 19.54 0.1501
fow (fo0) Logarithmic 11.0000 -1.0000 0.66 0.8012
W (Eco) Exponential 21.6899 -0.0001 11.20 0.2876
W (fo0) Logarithmic 43.9581 -10.5000 61.75 0.0024
Cedrorana
fow (Eco) Exponential 54.2564 -0.0001 11.21 0.2873
fow (f0) Logarithmic 109.9016 -26.2515 61.75 0.0024
W (E) Logarithmic -150.7124 17.1735 44.54 0.0177
W (fo0) Exponential 6.3903 0.0142 4.10 0.5279
Catanudo
fow (Eco) Logarithmic -376.7810 42.9338 44.54 0.0177
fow (feo) Exponential 15.9757 0.0142 4.10 0.5279
W (E) Geometric 1266.6125 -0.5702 5.36 0.4689
W (fo0) Geometric 0.0340 1.2692 19.58 0.1497
Cupiuba
fow (Eco) Geometric 3166.5314 -0.5702 5.36 0.4689
fow (fe0) Geometric 0.0851 1.2692 19.58 0.1497
W (E) Logarithmic -8.6988 1.3413 14.62 0.2199
W (fo) Logarithmic 2.4349 0.5117 1.54 0.7009
Angelim Saia
fow (Eco) Logarithmic -21.7469 3.3533 14.62 0.2199
fow (fo) Logarithmic 6.0873 1.2793 1.54 0.7009
W (Ec) Linear 0.6166 0.0001 20.19 0.1427
W (f0) Exponential 272.9467 -0.0747 34.71 0.0438
Tatajuba
fow (Eco) Linear 1.6069 0.0002 19.21 0.154
fow (fe0) Exponential 615.5317 -0.0749 35.00 0.0427
W (Eco) Geometric 33118 0.1739 1.93 0.6667
W (fo0) Geometric 9.9430 0.1346 0.67 0.801
Guaigara
fow (Eco) Geometric 8.2796 0.1739 1.93 0.6667

fow (fe0) Geometric 24.8574 0.1346 0.67 0.801
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Table 13. Regression models to estimate W and fi,, (Part B)

Wood Species Y (x) Relation a b R? (%) P-value
W (Eco) Linear 28.4443 -0.0002 1.61 0.6944
W (fe0) Linear 5.8428 0.1832 4.24 0.521

Cumaru
fow (Eco) Linear 71.1107 -0.0006 1.61 0.6944
fow (feo) Linear 14.6071 0.4580 4.24 0.521
W (Eco) Geometric 1.6536 0.2496 1.92 0.6676
W (fe0) Logarithmic 157.2140 -31.5969 12.10 0.2679
Angelim Vermelho
fow (Eco) Geometric 4.1341 0.2496 1.92 0.6676
Tow (fe0) Logarithmic 393.0351 -78.9923 12.10 0.2679
W (Eco) Logarithmic -25.8304 3.8092 3.71 0.0351
W (fo0) Linear -2.1526 0.2259 37.42 0.0000
All species

fow (Eco) Logarithmic -60.7643 9.1160 3.36 0.0448
fow (feo) Linear -5.4467 0.5641 37.01 0.0000

4. Discussions

Cumaru wood specie present better average value to W
and f,, equal to 57.32 kJ/m? and 22.93 N-m, respectively.
Lower average values for W and fi,,, were found to Tatajuba
wood specie (W = 7.52 kJ/m?) and Cambara Rosa wood
specie (fow = 3.35 N'm).

Average values of W and f,, did not follow the values of
the strength classes of the wood species (based on the
compression parallel to the grain strength characteristic [6]),
when comparing Cedro and Tatajuba wood species or Cedro
and Cupiuba wood species.

Better regression model found in this research was
logarithmic relation to Cedrorana wood specie, between W
as function of f,, and f,, as function of f,, both with
coefficient of determination (R?) equal to 61,75%.

Others coefficients of determination, found for the wood
species studied in this research and for the regression models
adopted, were bellow to 40% (minimum: R* = 0.08% for
Cedro to W as function of E.y; maximum: R? = 35.00% for
Tatajuba to fy, as function of f).

Cedro and Cumaru wood species was classified as C20
and C60 on the strength classes, respectively, according to
ABNT NBR 7190:1997 [6], but, both wood species don’t
present good relation between stiffness and strength
properties in compression parallel to the grain loads and W
or fiy.

For regression models to group involving all wood species,
better coefficient of determination was to W as function of f,,
using a linear relation (R? = 37.42%).

Other researches using density as estimator of mechanical
properties of wood [26, 28] present better coefficient of
determination to regression models. One possibility would
be to use the density of wood species of this research as an
estimator, to consider the variability of the wood, even
within the same strength class.

More researches about correlations between properties of
wood is very important to rational use at several purposes
and knowledge of properties of Brazilian Tropical wood
species.

5. Conclusions

Higher and lower average values of W was determined to
Cumaru wood specie (57.32 kJ/m?) and Tatajuba wood
specie (W = 7.52 kJ/m?). f,,, average values was found to
Cumaru wood specie (f,y = 22.93 N'm) and Cambara Rosa
wood specie (f,w = 3,35 N'm), as higher and lower average
values, respectively.

Cedrorana wood specie present better regression model to
estimate W and fi,, as function of f,, for both, R2=61.75%.

Results of the statistical analysis revealed led to the
conclusion that there is no correlation between the proposed
properties for the analyzed species.
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