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Abstract

:

Despite their favorable physical and mechanical properties for structural use, tropical woods, such as Iroko (Milicia excelsa), present knowledge gaps to be filled mainly about their mechanical characterization, which currently limit their use or result in under- or overdimensioned structural elements. Visual classification, one of the most used methods for characterizing wood, is inaccurate in the case of Iroko due to the wide variety of geographical locations in which this species can be found. In addition, mechanical characterization using test pieces with structural dimensions leads to high and impractical costs. In this context, this study aims to verify the mechanical properties of Iroko (imported from the Republic of the Congo) from small size specimens, a process that is currently standardized only for softwoods, and to verify the correlation of different properties through bending properties and ultrasound tests. Prior to the bending tests, the speed of propagation of ultrasonic waves was measured using the direct method. The results obtained show a good correlation between density and bending properties and the velocity of propagation of ultrasonic waves.
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1. Introduction


Iroko is widely used as a raw material in structural elements due to its excellent mechanical and physical properties [1,2]. According to European standards, the wood of Iroko is assigned to a strength class of D40, as defined in EN 338 [3]. This strength class is recognized by the European standard EN 1912 [4], which is based on the classification made by the British Standard BS 5756 [5]. Geographically, the Iroko species is found in the rainforest of the Congo River basin, covering Democratic Republic of Congo, Congo, the Central African Republic, Angola, Cameroon, Tanzania, Rwanda and Burundi. The Iroko trees also extend west to Guinea Bissau, east to Ethiopia, and south to Zimbabwe and Mozambique. Due to the recognized quality of its wood, it was also introduced in the United States [6].



The standard BS 5756 [5] uses visual inspection procedures for the classification of all tropical hardwoods. As such, the discrimination of the species or the origin of the wood is not taken into account. A direct consequence of this strategy is that this standard is applicable to a wide range of situations, without taking into account adaptations to particular conditions and species [7]. The vastness of the geographical area where Iroko wood can be found has proven to have effects on its genetic and morphological diversity [8]. This means that the visual classification, provided by the standard BS 5756 [5], is hardly adequate to classify all kinds of Iroko wood. In addition, the procedures of visual and mechanical classification implemented by the European standards to classify wood mechanical properties, namely using standards EN 14081 [9], EN 408 [10] and EN 384 [11], are focused primarily on softwood, but there is an implicit acceptance that they are also applicable to tropical hardwoods [12].



The use of small size specimens instead of structural size specimens, as permitted by the EN 384 [11] for hardwoods, poses obvious advantages in terms of economic costs and workability [2]. In addition to these advantages, one must consider that the vast majority of the mechanical properties of the database of tropical woods were obtained using small size specimens [13]. In this sense, several research projects have been undertaken so that, instead of classifying the tropical hardwood species through structural size specimens, correlation factors between the properties of the small size and structural size specimens are established for the modulus of elasticity (MoE) in bending [13,14]. This correlation principle is also described in EN 384 [11]. The standard is based on average values obtained on small clear specimens, subjected to bending tests, for the subsequent assignment of their respective reference properties by the application of factors. According to this method, these factors should be determined by the use of, at least, three similar species and, for each species, by the relationship between the characteristic values obtained from the structural dimension test pieces and the mean values of the small test pieces.



However, studies have shown that similar averages of bending properties obtained from small size specimens may correspond to significant differences between species when testing structural size specimens. One such example was presented by Ravenshorst and Kuilen [15] when analyzing the species of Cumaru (Dypterix odorata) through two samples, one originating from Brazil and the other from Peru, in which the bending strength of one origin was more than 40% higher.



Besides that, non-destructive tests (NDTs) present themselves as an option to assess the intrinsic properties of building materials that can later be correlated with the mechanical characterization, level of degradation and located defects. Such techniques bring many advantages in terms of cost and agility, in addition to preserving the integrity of the specimen.



In the last few decades, the development of new non-destructive methods and techniques aiming at the assessment of the conservation status of wooden elements is notorious, replacing or complementing traditional techniques [16]. Ultrasonic pulse velocity test (UPV) is one of the techniques that has been widely studied and used in the inspection of wood components of existing structures [17]. Essentially, the method consists of the emission of ultrasonic waves through one of the axes of the element, making it possible to measure the speed of propagation of the waves and to correlate the measurements with the desired parameters.



In this sense, efforts have been made around the globe in order to improve and better understand the technique potential and range. Guntekin et al. [18] obtained a good correlation between the dynamic modulus of elasticity from the UPV test and the mechanical properties from bending tests in Turkey. Van de Kuilen and Ravenshorst [19], in the Netherlands, established relationships for the classification of tropical hardwoods from the combination of dynamic modulus of elasticity and density, based on the principle that woods of the same species can be classified in different classes. Baar et al. [20] published a study carried out in the Czech Republic on the prediction of mechanical properties of five species of tropical hardwoods from ultrasound measurements. Perlin et al. [21] established a new methodology to detect the position of the pith from the UPV, in Brazil. Proto et al. [22] performed an analysis of the quality of the wood based on UPV measurements in standing trees, seeking to maximize the extracted value of a forest in Italy, in addition to many other studies with different purposes around the world.



The present study intends to develop an expeditious procedure for the classification of tropical hardwoods using low-cost procedures that are simple to implement in the laboratory by using small clear specimens and UPV tests. In this sense, this work seeks to propose a different formulation for the calculation of the characteristic values in bending as an alternative to the procedure described by EN 384 [11], in order to eliminate the need for structural size specimens tests and the use of similar species for the determination of the correlation factors. The proposed procedure has been applied to the specific case of Iroko wood imported from the Republic of the Congo.




2. Materials and Methods


The EN 384 [11] considers that the mechanical characterization of hardwood can be obtained from small clear specimens. For this purpose, the existence of correlation coefficients between structural size specimens and small clear specimens free from defects from at least three similar species is required. It is also necessary that at least 40 small clear specimens originating from at least five trees of the same species be analyzed. Accordingly, the logs were subjected to visual inspection according to BS 5756 [5]. From the logs, small specimens free from defects were sawn and prepared, according to ISO 3133 [23], by a private sawmill, the importer, that has supplied the specimens for the experimental campaign. The specimens were stored in a climatic chamber (Fitoclima EDTU, from Aralab 28000, Lisbon, Portugal) at 20 °C and a relative humidity of 65%, according to ISO 3129 [24], where they remained until their weight stabilized. The weight of the small specimens was considered stabilized when, after successive weighings spaced by a minimum of 6 hours, the difference in weight readings was less than 0.5%. The weights were calculated using 20 selected small specimens.



The experimental campaign started after the stabilization of the small specimens. First, all the specimens were weighed and subjected to tests in order to quantify the speed of propagation of an ultrasonic wave. Subsequently, three-point static bending tests were performed up to failure. Finally, a small sample with 2.5 cm length was cut as close as possible from the failure zone of each specimen. These samples were weighed and placed in an oven to dry completely to calculate the moisture content and the density, according to ISO 3130 [25] and ISO 3131 [26], respectively. Table 1 presents the properties evaluated in this experimental program and the applied standard.



2.1. Visual Grading by BS 5756


Before any experimental evaluation, and still in the log form, it was possible to grade the Iroko wood through BS 5756 [5] based on the visual appreciation of some singularities. For that, five logs (average diameter of 90 cm, Figure 1) were selected from five different Iroko trees (Milicia excelsa), imported from Congo. The following visual singularities were evaluated in accordance with BS 5756 [5] and EN 1310 [27]: the existence of knots and their dimensions; fiber inclination; wane, fissures, bow, spring and twist. Verifying all those natural defects and anomalies, the five logs were confirmed as belonging to strength class D40 as predicted by EN 1912 [4] for this hardwood.




2.2. Moisture Content and Density Measurements


The stabilization process was considered terminated when, after successive weighings with a minimum of 6 hours spacing, the difference was below 0.5%. Before each weighing, the specimens were placed in a desiccator with silica to cool down, without any moisture content exchange with the environment. After cooling, the samples were immediately weighed to prevent changes in moisture content of the specimen greater than 0.1%.



According to ISO 3130 [25] and ISO 3131 [26], the moisture content ( w ) and the wood density (   ρ w   ) of each specimen were calculated.



As recommended and described by EN 384 [11], the density values have been adjusted to a moisture content of 12%, since the density expressed for a moisture content of 12% is considered the reference density of the wood by the standard. According to EN 384 [11], the density value is reduced by 0.5% if the value of moisture content is above 12% and increased by 0.5% if the moisture content is below 12%.




2.3. Ultrasound Measurements


After weighing the specimens to determine their densities, ultrasonic measurements were carried out. These measurements consist of the recording of the time that the ultrasound wave takes to cross the specimen along its longitudinal axis, through the direct method. Measurements were made by using the PROCEQ equipment, with ultrasound probes of 22 kHz attached to the specimens using gel and taking the measured value as the average of three readings.



From the wave travel time and the length of the sample, the propagation speed of the wave was determined. As the propagation speed of the wave varies according to the moisture content of the specimen, it is necessary to correct the propagation speed for the reference moisture content of 12%. For this correction, the procedure proposed by Sandoz [28] was applied. In [28], it is proposed that, for moisture contents between 5% and 30%, the rate of propagation of the wave varies in the order of 0.8% per percent change in moisture content.



Apart from the study conducted by Sandoz [28], there have been other studies (e.g., [29,30]) that have investigated the relation between the moisture content below the fiber saturation point and the speed of propagation of the ultrasonic wave, but most of them have addressed softwood species, e.g., [31].



Then, with the density of the specimen adjusted to 12% of moisture content, the dynamic modulus of elasticity (   E  d i n    ) of each test piece was determined as:


   E  d i n   =  v 2   ρ w    10   − 6    



(1)




where  v  is the wave velocity and    ρ w    is the wood density for a moisture content  w .




2.4. Modulus of Elasticity and Strength in Bending


To avoid significant changes in the moisture content of the specimens after their removal from the climatic chamber, each specimen was tested in bending just after the ultrasound measurements. The 3-point bending tests followed ISO 3133 [23] in terms of setup and loading procedure.



Given the high number of specimens and the variability of density between them, a large amplitude of the maximum load values would be expected, causing constant changes in the load speed between tests. For this reason, in order to meet the ISO 3133 [23] requirement, which is to achieve the maximum load within 90 ± 30 s, the samples were divided into four groups, according to their mass (Table 2). In this way, the velocity of load application was defined for each group, ensuring that the failure occurred in the range defined by the standard. The values of the applied load varied from 0.09 mm/s to 0.15 mm/s and are presented in Table 2.



Bending strength was measured by testing all specimens to failure. Unlike other properties, such as density, according to EN 384 [11], the bending strength does not need to be corrected to the reference moisture content value of 12%. However, ISO 3133 [23] recommends a correction with a variation of 1% per percent change in moisture content.



The load-deformation curve was used to calculate the modulus of elasticity in bending. To compute it, Equation (2), as presented in EN 408 [10], was used. This considers the force-deflection graph in a range of 10% to 40% of maximum strength as:


  E =    L 3   (   P 2  −  P 1   )    48 I  (   w 2  −  w 1   )     



(2)




where    P 2  −  P 1    is the increment in load (N) on the regression line with a correlation coefficient of 0.99 or higher, between 40% (   P 1   ) and 10% (   P 2   ) of the maximum load value,    w 2  −  w 1    is the increment of deformation (mm) corresponding to    P 2  −  P 1   ,  L  is the span in bending (mm), and  I  is the second moment of area (mm4). If a correlation coefficient of at least 0.99 is not possible, the examined range is shortened to 30% and 20%.




2.5. Correlation between Properties


Based on the properties previously determined, correlations factors were established to define probabilistic relationships between each of them.



The analysis of the relation between different mechanical properties among themselves and with the ultrasound velocity was carried out in four different phases. In Phase 1, all experimental results were directly included, without considering any correction of the moisture content. In Phase 2, the experimental values were corrected by taking into account the moisture content, as described above.



Since the objective of this work is to characterize the mechanical properties of hardwood samples free of defects, the possibility of existing unobservable defects must be considered. In this sense, a certain level of heterogeneity in the results was to be expected, especially if one considers the following:




	
The possibility of the existence of natural defects in wood, in particular, defects not detectable by the naked eye;



	
Possible errors committed during the experimental campaign due to the sensitivity of the tests themselves, and in particular, the ultrasound test.








Based on these reasons, it is assumed that the results of the characteristics of the specimens could have been influenced, thus achieving inconsistent results, as there was the condition that the specimens would be free from defects.



To this effect, values very different from the general population were defined as outliers and removed from the analysis in the third phase. The lower and upper limits considered for the third phase are defined as [32]:


  L =  Q  25   − 1.5  (   Q  75   −  Q  25    )   



(3)






  U =  Q  75   + 1.5  (   Q  75   −  Q  25    )   



(4)




where  L  is the lower limit,    Q  25     is the lower quartile (the 25th percentile),    Q  75     is the upper quartile (the 75th percentile), and  U  is the upper limit.



These bounds excluded the upper and lower 0.35% of samples, under the assumptions of a Gaussian distribution.



In general, the process was based on the determination of expressions of linear regression that best fit the results obtained from the correlations between each pair of properties. Subsequently, the differences between the expected values, defined by the expression of linear regression, and the actual value obtained were determined. These values were called residues. The third step corresponded to the elimination of the pairs of results whose residues were excluded by applying Equations (3) and (4), considered to be "abnormal" values.



The fourth and last phase corresponded to the elimination of the 5% of residues situated furthest from the final expression of the linear regression between the properties to be linked. This principle has already been applied in other studies. A similar process was applied by Ravenshorst and Kuilen [33] when drawing up a proposal for the determination of the characteristic value of the bending strength of a wood genus.



Figure 2 summarizes each step of the experimental campaign adopted in this study.





3. Results


3.1. Determination of Mean Values of Mechanical Properties


3.1.1. Moisture Content


Table 3 presents the results of the moisture content obtained in accordance with ISO 3130 [25].




3.1.2. Density


Table 3 presents the results of the densities obtained in accordance with ISO 3131 [26] after correction for the moisture content of 12%, according to the procedures recommended by EN 384 [11], leading to an average density with a final value of 743.12 kg/m3.




3.1.3. Bending Strength


Table 3 summarizes the average results obtained for the bending strength in accordance with ISO 3133 [23]. It must be pointed out that, and as emphasized earlier, it was necessary to correct the values obtained in bending tests to account for moisture contents different from 12%.



EN 384 [11] requires that the specimens with a moisture content lower than 8% at the time of the test should be excluded. As all the tests were performed within a moisture content above 8%, it was not necessary to exclude any result.




3.1.4. Modulus of Elasticity in Bending (   E m   )


Table 3 presents the final results for the modulus of elasticity measured from the testing campaign. The standard states that, for the range between 8% and 18% moisture content, the value of    E m    must differ 1% for each percentage value to be corrected, increasing or decreasing    E m    for moisture content above or below 12%, respectively. As such, and in accordance with the EN 384 [11], for specimens with a moisture content greater than 18% the correction was made by taking into consideration the referred moisture content value.




3.1.5. Dynamic Modulus of Elasticity (   E  d i n    )


Table 3 presents the final results of the readings of the velocity of the ultrasound. The correction of the wave propagation velocity to take into account moisture contents other than 12% was carried out in accordance with Sandoz [28].



Considering the procedures of the correction methodologies of moisture content in EN 384 [11] and the correlation assumed by Sandoz [28] between the propagation velocity of the ultrasonic wave and the moisture content, the dynamic modulus of elasticity of each specimen test was quantified, as shown in Table 3.





3.2. Correlation between Properties


Figure 3 shows the correlation between density and modulus of elasticity in bending and Table 4 summarizes the results obtained. The results obtained show that there is a moderate correlation between the density and the modulus of elasticity in bending, in particular when outliers are removed (Phase 3).



Figure 4 shows the correlation between density and bending strength and Table 5 summarizes the results obtained. Here too, it is possible to see a substantial increase in the correlation between the two properties from the exclusion of values that go beyond the limits imposed by Equations (3) and (4).



The correlation between the modulus of elasticity and the bending strength is presented in Figure 5 and the values are summarized in Table 6. The results show high correlation even for Phase 1, revealing that the analysis in the elastic range is appropriate to the classification of the strength capacity of Iroko.



Figure 6 and Figure 7 show, respectively, the correlation between the dynamic modulus of elasticity, computed by using the density and the ultrasound velocity, according to Equation (1), and the modulus of elasticity and the bending strength. Additionally, respectively, Table 7 and Table 8 summarize the results, and once again, in Phase 3, it is possible to see high correlation values of 0.806 and 0.708 for both correlations. In the case of correlation between the dynamic modulus of elasticity and the modulus of elasticity in bending, a very strong correlation is noticed since Phase 2, when the results are corrected to the moisture content of 12% (r2 = 0.74).



Despite the existence of four phases in the correlations between the properties, for the proposed model of the present study, only Phase 2 was considered, since Phase 3 and Phase 4 require more in-depth analysis.





4. Calculation Proposal for Determining the Characteristic Value for the Bending Strength Based on Small Specimens Tests


In a first analysis, the test results obtained in this study for the mechanical properties based on small specimens are very close to the values reported in [34] and by CIRAD [35], and are in agreement with the range proposed by PROTA [36], as it can be depicted in Table 9. Since the logs from which the test specimens were extracted had been assigned the D40 strength class, the results obtained from the test campaign would be compared with the characteristic values corresponding to that class.



Ravenshorst and Kuilen [33] presented results of test campaigns using small and full size specimens of Cumaru (Dypterix odorata), from different sources (Brazil and Peru). The results obtained from the tests conducted on small specimens were very similar. However, the bending strength of the full-size specimens of one of the origins was more than 40% higher than the small size. As a conclusion, this study recommended the use of 0.66 slope of the regression lines of small sizes and full sizes to predict the 5th percentile value of the full size specimen out of the parametric 5th percentile value of the small (both clears and non-clears), multiplied by a factor of 0.9. This factor of 0.9 brings into account the presence of weak specimens. This consideration is in agreement with the safety factor of 0.9 over the 5th percentile value assumed by EN 384 [11], in the alternative method proposed to quantify the mechanical properties of hardwood species based on small samples free from defects.



In this sense, it is proposed that the characteristic value of the bending strength should be obtained through the 5th percentile of the small clear test pieces, free of defects, as it occurs with structural size test pieces, in opposition to using the mean of the results.



By combining the presented considerations, Equation (5) is proposed for the determination of the characteristic value of the bending strength.


   f  m , k   = 0.85  f  m p , k   0.9 = 0.76  f  m p , k    



(5)




where    f  m , k     represents the characteristic value of the bending strength of the sample and    f  m p , k     is the 5th percentile obtained from the tests on small clear specimens.



The 5th percentile is the value for which 5% of the results are less than or equal to [11] (in the case of this study, with 420 specimens, the 5th percentile corresponds to the 21st lowest result). Considering that, the value obtained for the 5th percentile was 51.48 MPa. The sample should correspond to the strength class D35. Curiously, if the correction of the moisture content to 12% followed the procedure defined in ISO 3133 [23], the result of the 5th percentile would be 52.81 MPa, which would give a result of    f  m , k     of 40.4 MPa, corresponding to class D40.




5. Discussion


From the final averages results obtained for the properties of Iroko, after moisture content corrections for 12%, which followed the EN 384 [11], it is observed that they confirm the values obtained in similar studies with small clear specimens (Table 9). The density value obtained, 743 kg/m3, is very similar to the values obtained by Amoah et al. [37], 752 kg/m3, and Wu [38], 786 kg/m3, and nearly 16% above the value obtained by Tsoumis [34], 620 kg/m3.



Based on the results obtained in this study regarding density, the Iroko wood samples analyzed could be classified as belonging to strength class D40, according to what is stipulated in the EN 338 [3]. In the case of the bending strength, the average value obtained of 105 MPa is very similar to the value of 111 MPa obtained by Tsoumis [34]. On the other hand, the modulus of elasticity in bending, 9.95 GPa, is a little above the range presented by Cheng et al. [39], 9.3–9.4 GPa, and nearly 13% below the value of 11.27 GPa obtained by Tsoumis [34]. These studies were also carried out with small specimens free from defects, subjected to 3-point bending tests.



Regarding the correlation between the properties obtained by the tests performed, the values fit the expected behavior for wood. The correlation between density and modulus of elasticity or density and bending strength shows that such properties are influenced by the wood density, where denser woods of the same species tend to be more resistant. However, a correlation of r2 = 0.421 is obtained for MoE and r2 = 0.432 for bending strength (both in Phase 2) due to the large number of factors that affect the wood behavior, such as the size of the growth rings, the direction of fibers, the place of extraction of the specimen in relation to the log, etc. Defects, such as knots and fissures, were not mentioned since the tests were carried out on small test specimens theoretically free from defects.



The correlation between the dynamic modulus of elasticity obtained from the UPV tests and the static modulus of elasticity presents coherent values when compared with those found in the literature. Several and independent studies showed results in a correlation range of 0.55–0.87, aligned with the values obtained in the present study, as is summarized in Table 10.



In the present study, as a consequence of the good correlation between the modulus of elasticity and the bending strength (r2 = 0.756), a correlation of r2 = 0.54 was obtained between the dynamic modulus of elasticity and the bending strength.



The procedure described by EN 384 [11], cited in Section 1, to determine the bending characteristic values using small specimens can lead to factors that do not represent reality due to the dependence on similar species, which are poorly specified in the standard. This would have direct implications on the safety side of the structures and on the side of the wastage of the material. This raises the question of to which extent the considerations made by EN 384 [11] for the implementation of this procedure will be a viable and credible option. The model presented by the authors in Section 4 tries to cope with this situation. In the case of the bending strength, based on the principle of the high homogeneity of tropical timber, especially when there are no defects, it is proposed to use the 5th percentile of the test results on small clear specimens to measure the characteristic value of the wood species.



Naturally, the proposed Equation (5) needs an exhaustive testing campaign, with new species, in order to be able to calibrate the coefficients presented for the expressions of the modulus of elasticity and of the bending strength. Moreover, an inter-laboratory collaborative procedure involving diverse hardwood species may be fundamental to validate the proposed model.




6. Conclusions


After carrying out the experimental campaign for the mechanical characterization of Iroko wood, imported from the Republic of the Congo, based on small test specimens, it was possible to obtain results compatible with the expectations based on previous studies and available databases. The main achievements of this study are:




	
Average strength and modulus of elasticity in bending of 105.3 MPa and 9.95 GPa, respectively;



	
The classification of the Iroko wood studied in class D40 when using Equation (5) from the use of the 5th percentile adjusted to a moisture content of 12%;



	
Eliminating the need for comparison with other similar species as recommended by the alternative method proposed by EN 384 [11];



	
Good correlations between the results obtained in the non-destructive ultrasound test (wave propagation speed and dynamic modulus of elasticity) and the bending strength parameters obtained from the destructive tests.








The performance of these tests can be used as a basis for future tests on other tropical species, or even Iroko, in order to reaffirm and implement the precision of the methodology adopted in this study. In addition, further studies may attest the veracity of the considerations made, for Phases 3 and 4, in which outliers have been identified, which in turn may lead to a greater capacity to assess the mechanical properties of the wood.



It is expected that studies aiming at characterizing tropical hardwoods in a cheaper, simpler and more accurate way should be developed. Thus, more options and models of calculations adaptable to all different factors that influence wood behavior may emerge, increasing its market competitiveness and deepening the knowledge about one of the most traditional materials in the world, which still has a lot to be studied.
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Figure 1. Iroko (Milicia excelsa) log. 
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Figure 2. Timeline of the methodology adopted. 
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Figure 3. Correlation between density (ρ) and modulus of elasticity (Em): (a) With the moisture content at the time of the tests (Phase 1); (b) After the correction for a 12% of moisture content (Phase 2); (c) After excluding the outliers (Phase 3); (d) After excluding 5% of the values farthest from the linear regression expression. 
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Figure 4. Correlation between density (ρ) and bending strength (fm): (a) With the moisture content at the time of the tests (Phase 1); (b) After the correction for a 12% of moisture content (Phase 2); (c) After excluding the outliers (Phase 3); (d) After excluding 5% of the values farthest from the linear regression expression. 
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Figure 5. Correlation between modulus of elasticity (Em) and bending strength (fm). (a) With the moisture content at the time of the tests (Phase 1); (b) After the correction for a 12% of moisture content (Phase 2); (c) After excluding the outliers (Phase 3); (d) After excluding 5% of the values farthest from the linear regression expression. 
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Figure 6. Correlation between dynamic modulus of elasticity (Edin) and modulus of elasticity (Em). (a) With the moisture content at the time of the tests (Phase 1); (b) After the correction for a 12% of moisture content (Phase 2); (c) After excluding the outliers (Phase 3); (d) After excluding 5% of the values farthest from the linear regression expression. 
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Figure 7. Correlation between dynamic modulus of elasticity (Edin) and bending strength (fm). (a) With the moisture content at the time of the tests (Phase 1); (b) After the correction for a 12% of moisture content (Phase 2); (c) After excluding the outliers (Phase 3); (d) After excluding 5% of the values farthest from the linear regression expression. 
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Table 1. Reference standards for each property evaluated in the experimental program.
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	Property
	Standard





	Moisture content (w)
	ISO 3130 [25]



	Density (ρ)
	ISO 3131 [26]



	Modulus of elasticity (E) and strength (fm) in bending
	ISO 3133 [23]



	Ultrasonic Pulse Velocity (UPV)
	-
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Table 2. The division of the sample into groups for the bending tests.
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	Group
	Speed of Load (mm/s)
	N. Specimens





	≤85 g
	0.09
	66



	>85 g and ≤100 g
	0.11
	95



	>100 g and ≤115 g
	0.13
	200



	>115 g
	0.15
	59



	Total
	
	420
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Table 3. Values of moisture content (w) and values of the sample corrected for wood moisture content of 12% (density (ρ12), bending strength (fm12), modulus of elasticity in bending (Em12), velocity of transmission of the wave (V12), dynamic modulus of elasticity (Edin12)) using ISO 3130 [25], ISO 3133 [23] and EN 384 [11].






Table 3. Values of moisture content (w) and values of the sample corrected for wood moisture content of 12% (density (ρ12), bending strength (fm12), modulus of elasticity in bending (Em12), velocity of transmission of the wave (V12), dynamic modulus of elasticity (Edin12)) using ISO 3130 [25], ISO 3133 [23] and EN 384 [11].





	Statistics
	w (%)
	ρ12 (kg/m3)
	fm12 (MPa)
	Em12 (GPa)
	V12 (m/s)
	Edin12 (GPa)





	Mean
	13.10
	743.12
	105.30
	9.95
	4599.04
	15.88



	Min.
	8.20
	528.38
	16.62
	3.80
	2791.26
	4.84



	Max.
	22.90
	952.75
	171.78
	13.86
	5695.47
	28.62



	C.V. (%)
	17.00
	12.12
	31.59
	18.53
	8.67
	21.03



	Excluded
	–
	–
	0 *
	0 *
	0 **
	0 **







* excluded if  w  < 8% [11]. ** Excluded if  w  was outside the range [5–30%] [28].
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Table 4. Correlation between density (ρ) and modulus of elasticity in bending (Em).
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ρ–Em

	
Number of

Specimens

	
Expression for

Linear Correlation:

ρ–Em

	
r2

	
% of Values

Removed

between Phases






	
Phase 1

	
420

	
Em = 0.0138ρ − 0.4575

	
0.452

	
0.00%




	
Phase 2

	
420

	
Em = 0.0133ρ − 0.0804

	
0.421

	
0.00%




	
Phase 3

	
408

	
Em = 0.0139ρ − 0.2201

	
0.544

	
2.86%




	
Phase 4

	
388

	
Em = 0.0143ρ − 0.5365

	
0.623

	
4.90%




	
Total Excluded Results

	
7.62%
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Table 5. Correlation between density (ρ) and bending strength (fm).
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ρ–fm

	
Number of Specimens

	
Expression for

Linear Correlation:

ρ–fm

	
r2

	
% of Values

Removed

between Phases






	
Phase 1

	
420

	
fm = 0.2461ρ − 78.638

	
0.437

	
0.00%




	
Phase 2

	
420

	
fm = 0.2428ρ − 75.097

	
0.432

	
0.00%




	
Phase 3

	
399

	
fm = 0.266ρ − 89.164

	
0.600

	
5.00%




	
Phase 4

	
380

	
fm = 0.2731ρ − 93.221

	
0.675

	
4.76%




	
Total Excluded Results

	
9.52%
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Table 6. Correlation between modulus of elasticity (Em) and strength (fm) in bending.
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Em–fm

	
Number of

Specimens

	
Expression for

Linear Correlation:

Em–fm

	
r2

	
% of Values

Removed

between Phases






	
Phase 1

	
420

	
fm = 15.914Em − 51.412

	
0.765

	
0.00%




	
Phase 2

	
420

	
fm = 15.68Em − 50.756

	
0.756

	
0.00%




	
Phase 3

	
408

	
fm = 15.914Em − 51.796

	
0.818

	
2.86%




	
Phase 4

	
388

	
fm = 15.867Em − 50.953

	
0.852

	
4.90%




	
Total Excluded Results

	
7.62%
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Table 7. Correlation between dynamic modulus of elasticity (Edin) and modulus of elasticity in bending (Em).
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Edin–Em

	
Number of

Specimens

	
Expression for

Linear Correlation:

Edin–Em

	
r2

	
% of Values

Removed

between Phases






	
Phase 1

	
420

	
Em = 0.4377Edin + 2.858

	
0.640

	
0.00%




	
Phase 2

	
420

	
Em = 0.5314Edin + 1.4262

	
0.740

	
0.00%




	
Phase 3

	
391

	
Em = 0.5352Edin + 1.4192

	
0.806

	
6.90%




	
Phase 4

	
372

	
Em = 0.5386Edin + 1.3979

	
0.841

	
4.86%




	
Total Excluded Results

	
11.43%
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Table 8. Correlation between dynamic modulus of elasticity (Edin) and bending strength (fm).
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Edin–fm

	
Number of Specimens

	
Expression for

Linear Correlation:

Edin–fm

	
r2

	
% of Values Removed between Phases






	
Phase 1

	
420

	
fm = 6.6937Edin − 1.5918

	
0.455

	
0.00%




	
Phase 2

	
420

	
fm = 8.2448Edin − 27.155

	
0.540

	
0.00%




	
Phase 3

	
383

	
fm = 8.9119Edin − 34.217

	
0.708

	
5.67%




	
Phase 4

	
364

	
fm = 9.427Edin − 41.29

	
0.781

	
4.96%




	
Total Excluded Results

	
13.33%
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Table 9. Comparison between values of the so-called reference properties (density, modulus of elasticity in bending and bending strength) suggested by different studies.
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Study

	
ρ12 (kg/m3)

	
fm (MPa)

	
Em12




	
EN 384

	
EN 384

	
(GPa)






	
Tsoumis [34]

	
620

	
111

	
11.27




	
CIRAD [35]

	
640

	
87

	
12.80




	
PROTA [36]

	
550–750

	
75–156

	
8.30–13.30




	
Present Study

	
743.12

	
105.30

	
9.95
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Table 10. Correlations between the dynamic modulus of elasticity obtained from UPV and the static modulus of elasticity, obtained by different studies.






Table 10. Correlations between the dynamic modulus of elasticity obtained from UPV and the static modulus of elasticity, obtained by different studies.





	Study
	r2
	Species





	Van de Kuilen and Ravenshorst [19]
	0.75
	Several tropical hardwoods



	Baar et al. [20]
	0.83–0.87
	5 different tropical hardwoods



	Guntekin et al. [18]
	0.86
	Beech lumbers (Fagus orientalis)



	Machado and Palma [40]
	0.76
	Maritime Pine (Pinus pinaster)



	Miná et al. [41]
	0.55–0.62
	Eucalyptus (Eucalyptus citríodora)



	Oliveira et al. [42]
	0.83
	Loblolly pine (Pinus taeda) and Slash pine (Pinus elliottii)



	Present Study
	0.74
	Iroko (Milicia excelsa)
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