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Non-Destructive Methodologies for Assessment of the
Mechanical Properties of New Utility Poles
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The application of non-destructive technologies for the assessment of
mechanical properties has been increasingly used due to its reliable
assessment of the condition of timber elements. The application of such
methods is well established for sawn timber and small-diameter
roundwood. However, regarding the assessment of the mechanical
properties for roundwood with larger diameters, which are usually used for
new utility poles, a fewer number of studies are available. This research
considered three different methodologies for application in Maritime Pine
utility poles: i) longitudinal vibration, ii) transverse vibration, and
iii) ultrasound. The methodology with better results was chosen for use in
the second stage of testing. Furthermore, mechanical tests were
performed to compare and validate the results from the non-destructive
tests. The moisture contents and densities were also determined. Simple
and multiple linear regression analyses were performed between the
visual, dynamic, and mechanical properties. The longitudinal vibration
method achieved the best correlation within the non-destructive methods,
while the ultrasound method had no noticeable correlation. The vibration
frequency (f) (r=0.51) showed a better correlation with the bending
strength (MOR) than the dynamic modulus of elasticity (MOEayn) (r = 0.45).
The static modulus of elasticity (MOE) was the best property used to
predict MOR because it presented the highest correlation (r = 0.79).
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INTRODUCTION

Timber utility poles have been used for telecommunication and power lines
globally since their first use more than a century ago. In 2008 there were roughly 135
million utility poles in service in the United States of America, with the majority of them
made from timber (Wood et al. 2008). Timber utility poles have several advantages,
namely their robustness and non-conductivity, as well as their ability to allow different
ways of wire connections, and they are also a low-cost alternative compared with steel or
concrete poles.

In Portugal, power lines are generally supported by utility poles made from steel or
concrete, while timber utility poles are mostly used to support telecommunication lines.
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Such lines can collapse, resulting in service interruption that can lead to costly
emergency repairs (Mankowski et al. 2002). There might be several reasons for the failure
of these lines, one of which might be the failure of the timber utility poles used.

To reduce this problem, the selection of timber utility poles for use in overhead
lines is an important aspect. To minimize their failure resulting from a lack of mechanical
strength, utility poles with adequate mechanical properties should be used.

There have been a number of studies on the assessment of the mechanical properties
of timber utility poles, namely its modulus of elasticity (MOE) and bending strength
(MOR), for different species from different regions. In the US, studies on poles of southern
pine (P. palustris, P. taeda, P. echinata, and P. elliotti), Douglas fir (Pseudotsuga
menziesii), and western redcedar (Thuja plicata) were performed to obtain the relevant
mechanical properties (Phillips et al. 1985; Bodig et al. 1986; Bodig and Goodman 1986).
Also in South America some studies can be found regarding the determination of the
mechanical properties of poles from different species, namely radiata pine (P. radiata)
from Chile (Cerda and Wolfe 2003), Eucalyptus grandis from Argentina (Torran et al.
2009) and also several species from Brazil (Carradine and Gonzalez 2006). In Portugal, the
main species used for utility poles for overhead lines is Maritime pine (Pinus pinaster
(Ait.)) with good results already obtained for the mechanical properties (Martins and Dias
2012).

In Europe, the EN 14229 (CEN 2010) standard provides guidelines for the
production control of new timber utility poles and the guidelines for determining the
mechanical properties through mechanical tests. However, during the determination of
MOR, utility poles are destroyed; therefore, an alternative is to use non-destructive
methodologies in the selection of timber utility poles.

The range of non-destructive methodologies available is wide, and they differ from
each other in their principles and/or applications. In a simple way, the most current used
methodologies can be divided into three groups: i) visual characterization, ii) ultrasound,
and iii) vibration (transverse and longitudinal directions). In practice, visual
characterization is the most common and most used.

Apart from the use of non-destructive techniques on grading sawn timber, they have
also been used for the in-situ evaluation of the service conditions of utility poles
(Baraneedaran et al. 2010; Tsang and Chan 2011; Dackermann et al. 2014) and after their
removal from service (Anthony et al. 1998; Marques et al. 2016).

For the assessment of the mechanical properties of roundwood, the non-destructive
methodologies commonly used are ultrasound (Sandoz 1991; Mina et al. 2004; Acufia et
al. 2006; Prieto et al. 2007) and vibration, either longitudinal (Gard et al. 1998; Vries and
Gard 1998; Morgado et al. 2010; Rodrigues and Vries 2010; Arriaga et al. 2014) or
transverse (Chui et al. 1999; Wang et al. 2002; Green et al. 2004, 2005, 2006, 2008;
Arriaga et al. 2014).

Despite the available studies regarding the determination of the mechanical
properties of utility poles from different species, including one for Maritime pine, and also
the availability of a wide literature on the application of non-destructive methodologies in
the assessment of timber condition and mechanical properties, there is clearly a lack of
information regarding the application of these techniques to Maritime pine utility poles.
The present paper intends to assess the application of some non-destructive methods in
Maritime pine species and compare the results with the ones obtained from the mechanical
tests.
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Therefore, the present paper describes the work performed to assess the mechanical
properties of new timber utility poles from Maritime pine. Non-destructive methodologies
were used, as well as mechanical tests, to compare the two types of methods, with the
intention of being a first approach on the evaluation of the mechanical properties through
the use of non-destructive methodologies. The objective was that such methods can be used
as an effective way for the selection of Maritime pine new utility poles to be used in
overhead lines. The experimental work was divided into two stages. The first stage focused
on the evaluation of the best non-destructive methodology to estimate MOE. In this stage,
several non-destructive methods were used and the MOE was determined following the
indications from EN 14229 (CEN 2010). The second stage aimed to validate the use of the
selected non-destructive method on the first stage and analyze its suitability to predict
MOR. Several correlations between the anatomical, physical, and mechanical properties
were established for a more accurate prediction of the mechanical properties of new timber
utility poles.

EXPERIMENTAL

Materials
Sample characterization

The present study comprised a total sample of 72 new utility poles of Maritime pine
(Pinus pinaster (Ait.)) grown in the coastal central area of Portugal. The utility poles had
no preservative treatment and after harvested they were only debarked and cut with the
desired length, after which they were spread in pole piles at the Pedrosa & Irmaos, Lda
company facilities. The utility poles used in the present study were selected from these
piles, ensuring that the moisture content was above the fiber saturation point (24%) for
maritime pine (LNEC 1997). Also, the selection was performed considering the established
procedures of the production unit for new utility poles without treatment and the
requirements of EN 14229, namely i) the permissible deviations for utility pole size (8 m
of nominal length), ii) the minimum nominal diameter (180 mm at ground line), and iii)
straightness (CEN 2010).

Fig. 1. Debarked pole piles, at the company facilities, for the selection of the tested sample

To complement the sample characterization, visual features were also measured:
1) nominal diameter (dnom) (at ground-line (dg) and load section point (dg)), ii) ovality (at
ground-line (0og) and load section point (0g)), iii) taper (between ground-line and load
section point), iv) slope of grain, and v) growth rate. The measurement procedures used
were the ones indicated in EN 14229 (CEN 2010) and described in detail in Martins and
Dias (2012).

Martins et al. (2017). “Utility pole testing,” BioResources 12(2), 2269-2283. 2271



PEER-REVIEWED ARTICLE b | oresources.com

The total sample set of 72 new utility poles was divided in two samples matching
the two stages of the work. The first stage involved 29 specimens, and its main purpose
was the identification of the non-destructive method that presented the best MOE
prediction. The second sample included 43 specimens that were tested with the goal of
validating the non-destructive technique identified in the first stage for the prediction of
MOE in new timber utility poles.

Methods

Different methodologies were used, firstly, non-destructive methodologies were
considered for the determination of MOEqgyn, and the results were compared with MOE.
Secondly, one of the non-destructive methodologies previously used, was considered and
used for further testing and validation.

The selection of the non-destructive method used in the second stage of the work
took into account not only the results and the correlations obtained with MOE, but also the
applicability of the methodology at an industrial level.

After the tests, simple linear regression analyses (Microsoft Excel) were made in
order to determine the correlation coefficients (r) and the coefficients of determination (r?)
between the measured features and the mechanical properties of the tested timber utility
poles. Additionally, multiple linear regression analyses were also made to improve the
coefficients from the simple linear regression analyses.

Non-destructive methodologies

The non-destructive methodologies considered in the first stage were: i) ultrasound,
i) transverse vibration and iii) longitudinal vibration. The objective was to determine the
dynamic modulus of elasticity (MOEayn) and to further evaluate the correlations with the
most relevant mechanical properties, namely with MOE, which is the key property to
predict MOR.

For the ultrasound method was used the Fakopp Microsecond Timer, with a couple
of transmitter and receiver probes, to measure the wave propagation time through the utility
pole, in order to calculate the velocity, also considering the distance between the transmitter
and receiver probes. The probes were applied in the specimens with an angle of 45° with
the longitudinal axis, and the wave was generated by a hammer impact in the transmitter
probe. Due to the length of the cables, it was not possible to test the entire specimen at
once, so measurements in different positions were performed. Tests were performed with
each utility pole simply supported in the two ends.

For the transverse vibration method, utility poles were placed as a simple supported
element at both ends and a National Instruments piezoelectric accelerometer was used,
connected in the mid-span of the pole to measure the signal which was started by a hammer
impact also near the mid-span.

For the longitudinal vibration method, once more the utility poles were tested as
simply supported elements in the two ends. The vibration of the elements was initiated by
a longitudinal hammer impact and was measured in the same direction for the
determination of the natural frequency.

Mechanical Tests
The non-destructive tests were performed to assess the methodology with higher
correlations to the mechanical properties. Mechanical tests were performed: in the first
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stage only to determine MOE and in the second stage to determine MOE and MOR of the
utility poles from the second sample.

The mechanical tests were performed following the indications of EN 14229
(CEN 2010) and using a cantilever test set up. The utility poles were tested in a position
such that their underside in its “natural rest” was in tension. The first 1500 mm from the
butt of the utility pole length was rigidly clamped through two wood clamps, each one with
500 mm (Fig. 2, left), and the load was applied at 150 mm from the tip by a cable fixed in
a steel device incorporating a load cell (from Vetek) and a pair of wood clamps (Fig. 2,
right).

In the second stage, after each failure test, the position and the type of failure were
registered. Also, a 50-mm-thick disk was cut near the failure, avoiding areas with defects,
to determine the moisture content (w) and density (o) in the laboratory. The density
determined in the laboratory was adjusted to a moisture content of 12%, as suggested in
EN 384 (CEN 2004) — when moisture content was higher than 12%, density was decreased
0.5% for every percentage point difference in moisture content.

Fig. 2. Set up for cantilever tests: (left) wood clamps used at the bottom and (right) application of
load at the tip

RESULTS AND DISCUSSION

The values obtained from the visual characterization of both samples are presented
in Table 1. The mean values and the coefficients of variation (CoV) are given.

The values obtained from both samples were compared with a previous study
conducted on Maritime pine utility poles (Martins and Dias 2012). Out of all of the
measured characteristics, taper presented a higher difference — 5.5% higher in the first
sample and 15.9% higher in the second sample —when compared with the results of Martins
and Dias (2012) (6.9 mm/m). The remaining measured characteristics were very similar in
both studies, as was the case of the nominal diameter at ground-line — 0.8% higher in the
first sample — and growth-rate — 2.3% higher in the first sample and 0.8% lower in the
second sample — when compared with the values in Martins and Dias (2012), who obtained
196.1 mm for the nominal diameter at ground-line and 13.0 rings/25 mm for the growth-
rate.

Table 2 presents results obtained in the first stage of the study for the first sample,
relative to the tests of the non-destructive methods considered — UltraSound (MOEqgyn,us),
Transverse Vibration (MOEgynv), and Longitudinal Vibration (MOEgyn,Lv) — as well as
the results of MOE.
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After analyzing the results, it became clear that the MOEqdyn values from the non-
destructive tests were higher than the MOE values. It was also apparent that all of the
methods presented similar MOEayn values when compared with each other.

Table 1. Anatomic and Geometric Characteristics Measured on the Utility Poles
of the Present Study

First Sample Second Sample

(29 Specimens) (43 Specimens)

Mean CoV (%) Mean CoV (%)

Nominal Length (m) 8.0 0.57 8.0 0.38

dnom Ground-line (dg) 197.7 54 196.1 5.3
(mm) | Loading Point (dq) 150.6 10.9 145.4 11.4
Ovality | Ground-line (0g) 4.5 48.0 5.2 43.0
(%) Loading Point (0g) 5.7 71.3 5.1 39.2
Taper (mm/m) 7.3 25.8 8.2 30.1

Slope of Grain (cm/m) 4.9 55.1 6.0 49.7

Growth Rate (rings/25 mm) 13.3 29.7 12.9 32.2

Density (green) (pg) (kg/m?®) * 883.2 22.4 951.0 10.2

Density (p) (kg/m3) ™ - - 530.7 11.8
Moisture Content (w) (%) ™ - - 82.4 23.3

* - The density (green) — pg — values presented were obtained based on the weight and volume
of the entire utility pole in green condition; ™ - Density values correspond to a moisture content
of 12% and were determined in laboratory using the 50 mm thickness disk cut after the failure
tests; ™ - Moisture content values were determined in laboratory

Table 2. Results from Non-Destructive and Mechanical Tests Obtained from the
First Sample

FIRST SAMPLE

MOEdyn,US MOEdyn,TV MOEdyn,LV
(GPa) (GPa) (GPa) MOE (GPa)
Mean Value 13.8 13.7 13.9 10.3
Minimum Value 9.8 9.2 10.0 7.8
Maximum Value 18.8 184 17.1 13.5
CoV (%) 15.9 18.2 14.4 13.0
Numper of 29
Specimens

To define which method fits better with the MOE, a linear regression analysis was
made to calculate the correlation coefficients between the different MOEgyn and MOE.
TableTable 3 presents these correlation coefficients, together with the equations of the
linear correlation. Also the coefficient of determination is presented together with the
scatter charts of the respective relationships between MOE and MOEgyn (Figs. 3 and 4 (left
and right)).

Analyzing the correlation coefficient values, it was concluded that the ultrasound
methodology presented a weak correlation with the MOE (r=0.14) and that this
correlation was not statistically significant (at a significance level of 0.05). The coefficient
of determination obtained for the ultrasound method was much lower compared with other
studies (r? = 0.58 in Min4 et al. (2004)). According to Acufia et al. (2006), the ultrasound
method can be influenced by the direction of measurement probes with the grain and also

Martins et al. (2017). “Utility pole testing,” BioResources 12(2), 2269-2283. 2274



MOE (MPa)

PEER-REVIEWED ARTICLE

bioresources.com

by the measurement distance. It is likely that the technical restraints of the test set up used
in the present study influenced the results. Therefore, this method was excluded first for

the non-destructive tests of the second stage.

Table 3. Values of Correlation Coefficients, and Corresponding Equations,

between MOEgyn from Non-Destructive Methods and MOE

Fig. 3. Simple linear correlation between MOE and MOEuayn,us, for the first sample
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Fig. 4. Simple linear correlation between MOE and MOEuayn,1v, for the first sample (left) and simple

Correlation Coefficient (r) Equations
MOE
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linear correlation between MOE and MOEdyn,Lv, for the first sample (right)

Regarding the remaining two methodologies, transverse vibration (r = 0.58) and
longitudinal vibration (r = 0.56), the correlation coefficients were similar in both cases but
were not found to be significantly different from each other (significance level of 0.05).
Despite these values being considerably higher than the values from ultrasound
methodology, the coefficients of determination were found to be lower than others found
in the literature. For instance, Arriaga et al. (2014) obtained coefficients of correlation of
r> = 0.86 and r? = 0.87, for the transverse and longitudinal vibration method, respectively.
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Besides the prediction of MOE, the applicability of each methodology at an
industrial environment was also evaluated. The ultrasound method again presented some
technical disadvantages in relation to the vibration methods. During the vibration tests, the
authors also noticed that the longitudinal vibration was easier to perform over the
transverse vibration, specifically because of the ease of obtaining a clear signal. Several
times, the acquired signal from the transverse vibration method was not clear and in some
cases the test was repeated in order to achieve a clear signal.

Therefore, it was concluded that despite the correlation coefficient being slightly
lower, the longitudinal vibration method was the easiest and fastest procedure to implement
at an industrial level as a non-destructive methodology to assess the mechanical properties.
Thus, the longitudinal vibration method was chosen for use in the second stage.

After the selection, in the previous stage, of the best non-destructive method to
predict the MOE, the work performed in the second stage was intended to validate the
longitudinal vibration method as a reliable method to predict the mechanical properties
(MOE and MOR). Therefore, 43 specimens were tested using the longitudinal vibration
method and their mechanical properties were also determined through the mechanical tests
performed. The average distance of failure section to the ground-line was 615 mm (with a
coefficient of variation of 92.4%), and the presence of knots in the failure area was
observed in 86% of all utility poles from the second sample, which indicates that the
presence of knots might had a great influence in the location of the failure.

TableTable 4 presents the results obtained from the second sample, namely the
IVIOEdyn,LV, MOE, and MOR.

As expected, the mean value of MOE from both samples was similar, and the
difference in the values was not significant (significance level of 0.05). However, it was
observed that the coefficient of variation in the second sample was higher. In fact, the
second sample included a few utility poles with higher values of MOE, which lead to the
higher variation observed.

A comparison was made between the results from this study and the previous study
on Maritime pine utility poles performed by Martins and Dias (2012). Regarding the
mechanical properties, the MOE mean value decreased 0.93% in comparison with Martins
and Dias (2012) (10.9 GPa), and the MOR mean value from the present study was 4.6%
higher than the value from the 2012 study (50.2 MPa). However, the density value from
the present study — determined in the laboratory and adjusted to 12% moisture content —
(Table 1) showed a 7.4% decrease when compared with the value obtained by Martins and
Dias (2012) (573 kg/m?®).

Table 4. Results Obtained from the Second Sample Relative to Longitudinal
Vibration Method and Mechanical Properties from the Second Sample

SECOND SAMPLE

MOEqayn.Lv (GPa) MOE (GPa) MOR (MPa)
Mean Value 12.8 10.8 52.5
Characteristic Value - - 33.5
Minimum Value 8.9 7.2 30.6
Maximum Value 20.9 17.4 78.1
CoV (%) 17.2 20.8 17.2
Number of Specimens 43
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A single linear regression analysis was performed between the anatomic, physical
or mechanical properties with the MOE and/or the MOR to evaluate the possible relations
between these properties. The determined correlation coefficients are shown in Table 5,
also with the most relevant coefficients of determination (in parentheses).

Table 5. Correlation Coefficients and Coefficient of Determination (r?) Obtained
from Single Linear Regression Analysis

’D\Ii(;nr;lentglr Ovality Taper | p* r? E;;’é L\AOE MOE x:)f/ MOE
dg dq 0g 0 yn,US  dynTV .
Sgri;sptle MOE | -0.05 0.37 [0.41 0.04 | -0.46 | -0.34 | 0.04 (8:3‘2‘) (8:22) (82?) -
cecond | MOE | -0.44 0.24|0.44 003 | -042 | 0.71 | 0.27 - (8:2% -
Sample | \ior | 037 0.50|0.41 -0.27 | -0.61 | 0.70 | 031 - (8:‘2‘8) (8:22)

* |n the first sample, the density was obtained from the weight and the volume from the entire utility
pole at green condition. In the second sample, the density was measured from the disks cut near the
failure section, without defects, and adjusted to 12% of moisture content
** The values presented in this table for MOEaynLv Were calculated considering the density values

obtained from the weight and the volume from the entire utility pole at green condition

The correlation between density and MOE presented some differences when
analyzing the values from both samples. These differences in the correlations were
because, in the first sample, the density value obtained from the measurements from the
entire pole in a green condition was considered (mass and approximate volume), once the
utility poles were not tested until failure. In contrast, in the second sample, the density
considered for the correlation was determined in the laboratory, using the 50-mm-thick
disk, which was cut after the failure test, and adjusted to 12%, which gave more accurate
results.

The analysis of the correlation coefficients showed that between MOR (only for the
second sample), anatomical, and physical characteristics, the higher value was also
obtained for density (r = 0.70), followed by taper (r = -0.61), and nominal diameter at load
section point (r = 0.50), following the trend obtained by Martins and Dias (2012). The
MOE presented the higher correlation coefficient (r=0.79) with a corresponding
coefficient of determination of r?=0.63, strengthening the finding that it is the best
property to predict MOR. Considering the mechanical properties from an element (MOE
and MOR), the longitudinal vibration method presented a better correlation coefficient with
MOE (r = 0.68 and r? = 0.47) than with MOR (r = 0.45 and r?> = 0.20). Relatively to the
first stage an increase of 21.9% was observed in the correlation coefficient between
MOEayn,Lv and MOE, with a corresponding increase of 48.4% in the coefficient of
determination. Despite this increase, the correlation coefficients are not significantly
different (significance level of 0.05) and the coefficient of determination is lower than
those usually found in literature (r? = 0.87 from Arriaga et al. (2014)).

As noted, the density showed different correlation coefficients with MOE;
therefore, it was used to analyze its influence on the correlations involving MOEgyn,Lv.
Regarding the density value used in the analysis, four different scenarios were considered:
1) density measured from the whole utility pole in green condition, ii) density measured
from the whole utility pole adjusted to 12% moisture content (measured by an electronic
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moisture meter), iii) density measured from a disk without defects collected near failure at
green condition, and iv) density measured from a disk without defects collected near failure
and adjusted to 12% moisture content (determined according to EN 13183 (CEN 2002)).
Additionally, the correlation between natural frequency (f), MOE, and MOR was also
considered. Table 6 presents the correlation coefficients for these scenarios and also the
respective coefficients of determination (in parentheses).

The analysis of Table 6 clearly shows that the best results regarding the correlations
between MOEqgyn,v and the mechanical properties were the ones where MOEgynLv wWas
determined with the density measured from the disks collected near the failure section in
green condition (r = 0.77 with r2 = 0.60 and r = 0.62 with r?> = 0.38). When considering this
scenario, a 38% increase in the correlation coefficient between the MOEgynv and MOR
was observed.

Table 6. Correlation Coefficients and Coefficient of Determination between
Longitudinal Vibration Method and Mechanical Properties

MOEuayn,Lv Correlation Coefficient and Coefficient of
Determination Values, Using the Different Values of Density in
Calculation
Conditions Utility Pole Disk Without Defects f

Green 12% Green 12%

MOE 0.68 0.70 0.77 0.73 0.67
(0.47) (0.48) (0.60) (0.53) (0.45)

MOR 0.45 0.49 0.62 0.61 0.51
(0.20) (0.24) (0.38) (0.38) (0.26)

Despite these good results, the efficiency of collecting a disk from a section near
the predicted failure zone is not admissible for a non-destructive methodology. For that
purpose, further research should be developed to evaluate if the collection of a core is an
adequate solution for determining density.

From the analysis of the correlation coefficient between MOEayn,Lv, considering the
different scenarios and density values, and the mechanical properties MOE and MOR, a
wide variation was noticed in the values. Therefore, as an alternative to the prediction of
the mechanical properties of utility poles, the natural vibration frequency was used to
determine correlation coefficients with MOE (r = 0.67 with r? = 0.45) and MOR (r = 0.51
with r2=0.26). A comparison of these values with the correlation coefficients among
MOEqayn,.v, MOE, and MOR is presented in Table 7. The values of MOEgyn,Lv used to
determine the correlation coefficients in Table 7 were calculated using the density value of
the entire utility pole in green condition, which is the methodology usually used in practice.

Table 7. Comparison of Correlation Coefficients

MOEdyn Lv* f Variation
MOE 0.68 0.67 -2.2%
MOR 0.45 0.51 +13.5%

* - The values of MOEgyn v Used to determine the correlation coefficients were calculated using
density value of the entire utility pole in green condition.

As a simple, quick, and economical prediction of the mechanical properties, the
frequency determination can be considered as an alternative because it observed a 13.5%
increase in the correlation coefficient with MOR, when compared to the correlation
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coefficient between the MOEgyn v and MOR. However, further testing is required to clarify
this issue.

Additionally, multiple linear regression analyses were undertaken to improve the
correlations. These analyses considered the combination of geometric and anatomic
characteristics, MOEayn,Lv from the non-destructive tests, and MOE with MOR. For that
purpose, the value of density used was the one determined from the whole utility pole at
green condition. The correlation coefficients obtained are presented in Table 8 together
with the adjusted coefficients of determination (in parentheses).

The best correlation coefficient (r = 0.91 with r? = 0.78) was found for the situation
where all of the characteristics and properties mentioned were considered. If MOE was not
considered in the analysis, the correlation coefficient decreased to r = 0.82 (r> = 0.53) and
to r = 0.78 (r2 = 0.53), if only the anatomic and geometric characteristics were considered.

The same analysis was made but considering the density values, adjusted to 12%
moisture content, obtained in the laboratory from the utility poles disks. Table 9 presents
the results of the correlation coefficients for this situation. The correlation coefficient when
all the features were considered did not change (r = 0.91), although an increase in the other
correlation coefficients was observed (r = 0.84).

Table 1. Correlation Coefficients and Adjusted Coefficient of Determination from
the Multiple Regression Analysis — Using Density from the Entire Utility Pole in
Green Condition

Nominal . Slope
. I
' .Values ) MOE | MOEgyn,Lv | p* | Diameter | Taper Ovality | Growth of
(adjusted r?) Rate .
dg | dqg Og | Oq Grain
(8'3é) X X X X X X X | X X X
MOR (8'23) - X X X X X X | X X X
(8'22) - - X X X X X | X X X

* - For these correlations, density from the entire utility pole in green condition was used.

Table 2. Correlation Coefficients and Adjusted Coefficient of Determination from
the Multiple Regression Analysis using Density Obtained in Laboratory from
Utility Poles Disks Adjusted to 12% Moisture Content

Nominal . Slope
. Ovalit
' .Values 2 MOE | MOEdynLv | p* | Diameter | Taper vality | Growth of
(adjusted r9) Rate :
dg | dq Og | Oq Grain
(8'%) X X X X X X X | X X X
MOR (8'2‘31) - X X X X X X | X X X
(8'23) - - X X X X X | X X X

* - For these correlations, density obtained in laboratory and adjusted to 12% moisture content
was used.
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The consideration of these features resulted in an increase in the adjusted
coefficient of determination of 290%, when compared with the scenario of just considering
MOEqyn,Lv (using density value determined in the field).

In summary, for the sample analyzed in this study containing 43 new utility poles,
the longitudinal vibration method was simple to use, but the correlations established with
the MOR were not so effective for sawn timber or even for roundwood with small
diameters (Vries and Gard 1998; Morgado et al. 2010). Therefore, for the assessment of
the mechanical properties of Maritime pine utility poles, the use of longitudinal vibration
method requires further research and, given the results obtained in the present study, the
consideration of extracting a core from the utility pole, for determination of density in green
condition, should also be considered.

CONCLUSIONS

1. In the assessment of the mechanical properties of Maritime pine timber utility poles
using non-destructive methodologies, the longitudinal vibration method was chosen
over ultrasound and even transverse vibration method, because it was found to be easier
and faster to perform at an industrial level.

2. Due to some technical disadvantages in the test set up of the ultrasound tests, the results
from this method presented no relevant correlations with MOE, therefore it was
discarded as a method to predict MOE.

3. The coefficients of determination between MOEgn and MOE, obtained from the
longitudinal vibration tests and from the transverse vibration method, were lower than
those found in literature.

4. When considering a multiple linear regression analysis, an increase in the correlation
coefficients was obtained with MOR. If the measured visual characteristics were
considered together with the MOEayn,Lv and MOE, the correlation coefficient increased
to r = 0.91, corresponding to a r> = 0.78.

5. The different values of density had an influence on the correlation coefficients with
MOE and MOR. If the density values obtained from a disk cut near the failure and
adjusted to 12% moisture were considered, a 38% increase in the correlation coefficient
between the MOEgyn v and MOR was observed. However, this procedure is not
admissible in a non-destructive method; therefore, as an alternative, the collection of a
small core from the utility pole for determining the density should be evaluated through
further research.
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