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Abstract

The paper presents a comparison of standard proeethumeasure acoustic stiffness of standing
trees and logs. The aim is to see how useful theyoa predicting the properties of dry, sawn, tenb
for the purposes of resource segregation in indigiractice. Stress wave time-of-flight (TOF)
measurements were made on 36 trees of four spa@tiesl OF data were analyzed and compared
with resonant frequency measurements made on gsitalod sawn dry timber, and, as the ultimate
measurement, static stiffness measured by fout pemding tests. A simplified model of segregation
is used to examine the relative performance ofribthods to sort the better grade timber; in thieca
defined by mean static bending stiffness. The reke@veals that lengthening the TOF distance from
1 to 2 meters improves the performance for seg@gat this case, particularly when segregating the
higher stiffness proportion of the timber.

Keywords: resonance, time-of-flight, sawn dry timistiffness, grading, segregation, indicating
property.

Introduction

Portable acoustic devices can be used for earlegation of timber, prior to making decisions about
forest management, harvesting and processing iatmlproducts. When segregating trees, it is less
important that the acoustic measurement be a gatigbor of the quality of the timber that can be
made from that specific tree, than it is that tbeustic measurement can discern, specifically, the
lower quality material that is unsuitable for timb€&herefore the common statistical comparisons of
NDT methods, based on linear regression, are noseful in comparing the actual practical
performance of different NDT methods in industpedctice.

Acoustic tools currently used in forestry measteespeed of propagation of a sound wave in the
wood, either by direct “time-of-flight” (TOF) meamment between two points (a technique which
can be applied on standing trees, logs or sawretimbr by impact excitation resonant frequency
(which can be applied to logs and sawn timber notistanding trees). The use of these techniques is
particularly important in the UK, where stiffnesstypically the limiting property when it comes to
grading structural timber (Moore et al. 2011) amel &bility to divert the lower stiffness timber to
other markets at an early stage could reduce tteo€@rading rejects after processing and drying.

It is already known that estimation of sawn timbeality can be achieved more successfully using
the resonance of a log (Wang, 2013), but this céylme done after felling and cutting the log to
length for a certain intended wood product. Thiglgt aims to make better use of standing tree
acoustic measurements in making decisions aboumdsé appropriate end products. The method
commonly used in research and industrial practi@gsures the TOF of a stress wave between



transducers, which for practical reasons are ugahlbut 1m apart on the same side of the tree at
about breast height. However, the correlation betwthe TOF measurements made on individual
trees and the stiffness of the timber cut from ¢hoses is often weak. It has previously been
suggested that this is because the short measurdiagmce of only 1m is not representative of the
wood stiffness throughout the log and that a rativee diameter to measurement length should be
0.1 or below (Zhang et al. 2011). The implicati@nehis that if the measurement is over too short a
distance, or the distance is not standardizedntresurements are confounded by other factors such
as tree age, diameter and sapwood depth.

This study, conducted as part of a PhD, compaeepdhformance of different standing tree TOF
measurements for segregation on the basis of wifbtess, comparing also to log and timber
measurements and the ideal standard of a “penfeathine simulated by use of the measured static
stiffness (the best possible performance). Thearebdas ongoing, but there is already sufficieritada

to make some preliminary recommendations for besttige standing tree measurement in the future.

Material and methods

This study uses material from four tree specieblenfir (Abies procery western hemlocKTisuga
heterophylld, Norway spruceRicea abiesand western red ceddrhuja plicatg, grown in even-
aged plantations in Scotland, UK. For the exerighis paper, the species are treated togethen ev
though this would not normally happen in industpedctice because the species have different
properties. This was done in order to provide nuata over a wider range of wood stiffness.

Three trees were selected from three replicats pbotevery species covering the range of diameter
classes in each plot. Multiple TOF measurementgyusiFakopp Tree Sonic device were collected on
each of the 36 trees (nine per species), withedforigin over a measurement distance of 1, 2 amd 3
on the north facing side (0 to 1, O to 2, and 8 o Figure 1). Further arrival times are compavad

the south facing side of the tree with verticatahee between the transducers of 1m (A to B inféigu
1).
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Figure 1—Left: Representation of TOF measurements collegtgdree: 0-1; 0-2; 0-3; and A-
B. Right: Cutting pattern of structural timber.



The trees were shortly after felled, and longitatlresonance velocity of the logs (one per tree)
measured with a HM-200 “Hitman” (Fibre-gen, AuckdamNew Zealand). For the log resonance
measurement the log length was 5 m for all spextespt the western red cedar, which was 3.1 m.

Dynamic modulus of elasticity (MQ#) was calculated from measurements of wave spaad us
equation (1):

MOE,; = pV? Q)

wherep is the density an¥l is the speed of sound. In the case of T®@I5, calculated from straight
line distance divided by time delay, and in theecafslongitudinal resonance it is calculated frdma t
frequency of the fundamental mode multiplied bywaelength (twice the log or batten length).
Wood density for standing trees and freshly feltags was assumed to be 1000 kgfar all the
trees.

Logs were next cross cut to 3.1 m length (retaitimglower part) and then processed into structural
sized timbers, following a bark to bark patternthwiominal cross sectional dimensions of 100x50
mm (Figure 1 right).These samples were alignedsdo aatch the orientation of the TOF
measurements. The purpose of cutting bark to baskterexamine the radial trend in properties
within the wider research project. This is not anmal industrial cutting pattern, but it is expectbi$
will nevertheless provide good mean values perAomptal of 226 battens were obtained by this
process: 47 noble fir, 51 Norway spruce, 61 wedtemlock and 67 western red cedar.

The noble fir, Norway spruce and western hemlocten was kiln dried to 12%, whereas western
red cedar was kiln dried to 20% due to the conceves the risk of drying collapse for this species.
The timber was then conditioned towards 12% anditodinal resonance acoustic velocity was
measured with a timber grading machine MTG960 (Bnods Microelectronics BV, Holland) with a
connected balance to obtain whole batten densitgginbination with manually measured
dimensions). Finally, the specimens were subjeitetkstructive four point bending tests in
accordance with EN408:2010, using a Zwick Z050 ersal testing machine (Zwick Roell,
Germany). The bending stiffness measurements nghikipaper are the, as measured, “global”
measurement adjusted to the reference conditid¥ ¢hoisture content), but not pure bending
stiffness as in EN384:2010. Moisture content waasue=d by the oven dry method on the density
samples cut from each batten immediately afteinigsThe measurements made with the MTG were
not adjusted for moisture content (representativetgpical production scenario for this machine,
grading a batch of timber within a moisture contamige). Bending strength and density were also
measured, but these data are not used for thig.pape

For this paper, segregation means a process ukelerta sort trees and logs into categories based on
wood properties. It can be used to improve gradingructural timber in the sawmill by divertingeth
lower quality material to other products so asauce grading rejects.

Like grading, segregation does not operate atethe bf predicting the properties of individualdse

or battens. Instead, segregation operates on Hig digpredicting the characteristics of the paortid

the population that passes a certain thresholdcatithg property” (IP) measurement, which could be
based on NDT, visual criteria, or category desmmmpt

Strength grading of structural timber is concem#t strength, stiffness and density, but this
example is concerned only with stiffness. The reador this are simplicity, and because
consideration of all three properties requires nua to work correctly, and may not work across a
mix of species. Stiffness is the property that ashtlosely related to the acoustic measurements
made, and it is also usually the critical (mositiing) property for production of graded timbertire
UK. The relevant characteristic value for stiffnéssthis analysis is the mean of the static moslulu
of elasticity (after adjustment to 12% moistureteat) of the timber passing the IP threshold.



The four species differed in average stiffnessheanost basic kind of segregation can operate on
removal of species in ascending order of average dtiffness (Table 1). Any non-destructive
measurement that performs less well than simpleispsegregation is not particularly useful.

In order that the NDT approaches can be comparttetsimple species segregation, three grade
targets have been defined to correspond with thdatref the simple species segregation on this
dataset with its particular ratio of species. Tlo&” grade has a target mean stiffness of 7947
N/mn, which corresponds to the result of removing tlestern red cedar. The “medium” grade has
a target mean stiffness of 8358 N/fmwhich corresponds to the result of also remotiregnoble fir.
The “high” grade has a target mean stiffness oB880nn?, which corresponds to the result of also
removing the Norway spruce so that only the wegtemlock remains. The low, medium and high
grades are alternative levels of segregation (ibtssegregation into three categories). NDT has th
potential to outperform the species segregatioalrthere is some overlap of wood stiffness within
the species (even western red cedar contains sigimer Istiffness timber).

The best possible segregation that could be dorn#ghisan NDT machine that has perfect knowledge
of the dry wood stiffness (“perfect segregationinigethe equivalent of a “perfect grading machine”,
operating on trees rather than on battens as gradies), which can be simulated here because this
has been measured. Real segregation approachke campared to the yield of perfect segregation
to assess their performance.

Table 1—Summary of static bending stiffness for the fopedes

Species (in ascending order) Mean static MoE [gf de ~ Mean moisture content at time
Adjusted to 12% mc (N/mfh of bending test (%)
Western red cedar (THPL) 6521 [1604] 12.0
Noble fir (ABPR) 6967 [1360] 9.3
Norway spruce (PCAB) 7826 [1426] 9.0
Western hemlock (TSHT) 8803 [2019] 15.7
Results

The correlation between the standing tree measunteamg stiffness of the sawn dry timber is
relatively weak. Figure 2 shows the apparent dynavi®E calculated from the 1 and 3 m TOF
measurements compared to the static MOE of the dratedy adjacent (north side) batten (Figure 2,
left) and the mean static MOE of all battens frtwatttree. The relationship is better for the 3 m
measurement, and even more so for the mean stéile M battens for that 3 m measurement. This is
consistent with the wave propagating both up andiana, and not only through the sapwood in the
outer part as Searles (2012) explainghén the excitation is initiated, the stress waaes
propagating both up toward the top probe and outhacross the tree’s cross section. It is not yet a
plane wave but possibly, by the time it arrivethattop probe 1.0 — 1.5 m away, a measure of more
of the tree’s wood properties than simply the adgactly between the probed’he question to be
answered is: are these correlations useful foregggion, and does the 3 m measurement afford any
additional practical usefulness over the 1m measent that would justify the additional effort
required to make the measurement in practice.



25000 25000

® Tree 1m north R-squared = 0.26 e Tree 1m north R-squared = 0.27
- OTree 3m north R-squared = 0.46 — OTree 3m north R-squared = 0.57
& 20000 5 NE 20000 .
E : [] ey - ® o0 y
2 P z .
= P e 2l )
s ° - w g
£ 15000 ‘D% @® EJ £ 15000 - ﬂ[&%@mm
=] <1 o P
£ gl o 0 : B
g et : E
5 @@1 z Ly
o 10000 e o o 10000 7= ° o |
g 1 B g 1% 5
o - %] w
c c
5 3 (o]
& 5000 - & 5000
w 2]

0 0
0 5000 10000 15000 0 5000 10000 15000
Static MoE of outer north side batten (kN/mm?) Mean static MoE of battens within tree (kN/mm?)

Figure 2—Comparison of 1m and 3m north side TOF measuremsgtiighe static MOE of
the north side outer batten (left) and mean sM@E of all battens from the tree (right).

Correlation coefficients for each of the IP (inding property) types against static MOE of indiadlu
battens are listed in Table 2. Ten segregationiiggeapproaches are assessed. This includes atperfec
grading machine sorting individual battens (IPtédis MOE) and perfect segregation sorting battens
grouped by tree (IP is mean static MOE of battemisimvthe tree), which are used as a reference to
evaluate the effectiveness of the real world apgres.

Table 2—Effectiveness of different acoustic measurememtegregate timber.

Indicating property Rvs Segregation to “Grade” (note 2)
Static MoE
Yield as a % of the perfect method yield [absojiédd %]

(note 1) Low Medium High
On standing tree/ log
Sorting by species - 88% [70%)] 79% [50%] 67% [27%]
1m TOF north side 16% (27%) 88% [70%] 51% [32%)] %]
1m TOF north & south 18% (31%) 92% [73%)] 48% [30%] 0% [0%]
2m TOF north side 27% (50%) 88% [70%] 86% [54%)] %8{B32%]
3m TOF north side 31% (57%) 92% [73%)] 88% [55%] YA 119%)]
Hitman velocity of log 35% (63%) 94% [76%)] 79% PaD 95% [38%)]
Perfect tree segregation (mean) 53% (100%) 100%4B0 100% [63%)] 100% [40%)]
On sawn dry timber
MTG frequency only 63% 97% [84%)] 96% [69%)] 88% J4P
MTG frequency & density 91% 99% [86%] 99% [71%] 98452%]
Perfect grading machine 100% 100% [87%)] 100% [72%)] 100% [56%]

Note 1: The Rvalue relate to correlations on a batten by baiteis. Values based on the mean of batten MOE
per tree given in brackets

Note 2:Standing tree / log IP yields are compaoegktrfect tree segregation, batten IP (i.e. MT@)dg are
compared to the perfect grading machine

* nearly achieves 89% [36%] (being just 0.4% sludthe required mean stiffness at this yield)



Figure 3 shows the outcome of the thresholds ofliffierent IPs being progressively increased to
segregate the higher stiffness timber, describetidynean static stiffness of the timber passed (y-
axis) and the simple proportion of the battensipgsx-axis). The figure also shows the MTG
operating in frequency only mode on the battend,imafrequency plus density mode, the latter of
which is close the performance of the perfect grgaihachine — indicating a high performance of this
approach to grade timber (as expected when thegpatling criteria is stiffness, as in this example)
and also confirming that the relationship betwegmathic and static stiffness is suitably similar for
all species for the purposes of this analysis. &gging trees cannot perform as well the (real or
perfect) grading machine because the trees cosigistantial variation of wood stiffness within
them, but it can be seen that the perfect treeegagjon works better than simple segregation by
species - a near trivial kind of segregation ircice. Segregation by Hitman (log resonance) works
better than by species, but not as well as petfeetsegregation.
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Figure 3—Segregation performance (for static stiffnesghefperfect grading machine,
perfect tree segregation, MTG, Hitman, and simpkx&s approach.

The performance of the standing tree measuremestsivn in Figure 4, which indicates that the 2
and 3 m TOF measurement outperform the 1 m TOF unea®&nt, except when segregation passes
(approximately) more than three quarters of timidénen segregating the stiffest half of the timber,
the 1 m TOF measurement performs less well thaplsispecies segregation. This is consistent with
the speed of stress wave propagation in trees Ipeang similar to log resonance when TOF is made
over more than a meter. This suggest a largeranfia of the properties of the entire cross seetson
the distance increases rather than solely the pat¢iof the tree. In line with previous reseaitis
consistent with a change in the wave behavior facdilatational or quasi-dilatational wave with ghor
spans, to a one dimensional plane waves with losygns (Wang et al. 2007; Andrews, 2003).
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Figure 4—Segregation performance (for static stiffnesghefstanding tree TOF
measurements, compared to the simple species abpaod perfect segregation.

To better illustrate the relative performance, ¢higrades’ were created that are equivalent to vehat
obtained by a simple species sort. The ‘low’ grde a mean stiffness requirement equal to that of
the timber when western red cedar is removed, ‘omdivhen noble fir is additionally removed, and
‘high” when only western hemlock remains (see niateand methods above). Table 2 lists yields for
these grades (when segregation to one grade oy@®sed as a percentage of the yield obtained by
the perfect segregation (in the case of the trddamlIP) and the yield of the perfect grading miaeh
(in the case of the MTG, which operates on sawrtidriger rather than logs). The 2 and 3 m TOF
measurements on the trees are seen to be singtaoly, superior to simple segregation by species,
and almost as good as resonance measurementsloggh&he case of the 3 m TOF yield for the
high grade is special in that it very narrowly misshe required stiffness with a much higher yield
(see table footnote), which is likely a randomistiial effect of the low number of specimens foz t
high grade and an under representation of the imeafoce.

Conclusions

As expected, the tree measurements are not asagabe log measurements, especially when the
measurement distance is the usual 1 m. Increasenméasurement distance to 2 m is sufficient to
add useful segregation potential, although, inglemple, even a 1 m measurement performs as well
as other standing tree measurements when it ieedesi sort only the lower quarter of the timber.

Despite the variability of wood properties withirtrae, the use of portable acoustic tools can teelp
segregate timber from standing trees and logsttendorrelations need not be strong if the
requirement is only to segregate out the very wardter. By establishing relationship between an
indicating property and characteristic grade-deteirng property (which will depend on growth area
and species) it is possible to set thresholdsvibatd improve grading machine yields later down the
line, and divert the less good timber to non-strtadtproducts.



This study also provides confirmation that streasevdo not travel only in the outer part of thefre
between the two probes, but likely up and acrosdrée’s cross section with increasing measurement
length.

Future work will take this approach further, addingre data to bring in consideration of cutting
pattern, the performance within a single speciessicleration of strength and density, and the more
direct avoidance of machine grader rejects.
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