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Abstract: Round timber is often used for hydraulic engineering works, but the strength grading of
round logs is not as well developed as that of sawn timber. The advantages of using defined strength
classes, as well as the proper selection of the raw material, could be applicable to hydraulic works as
well. In this study, the methods and rules developed for sawn timber were applied to the mechanical
selection of oak round logs, paying particular attention to the issue of the simplicity of grading
operations and the moisture content of the timber. Both the acoustic velocity and dynamic modulus
of elasticity of oak logs were measured with different instruments before performing destructive
bending tests; machine settings were derived for both properties and dry and wet grading operations
were simulated to compare efficiency. The use of the dynamic modulus of elasticity makes machine
grading more efficient. On the other hand, the use of acoustic velocity alone is feasible and makes
the procedure much faster, even if wet grading resulted in very conservative estimations. The yields
obtained were similar for lower grades, but to achieve higher strength classes, the dynamic modulus
was preferable. For very fast and less expensive measurements, velocity could be considered an
appropriate method, as an improvement over the use of unselected material.

Keywords: wood properties; pole; oak; wood promotion; roundwood

1. Introduction

Round timber is considered an important resource in wooden construction. It was
widely used in the past and it is experiencing a rejuvenation due to the increased focus on
sustainability and the role of natural resources in combating climate change [1].

When dealing with round wood, a central topic is the exploitation of small-diameter
trees, often unsuitable for sawn timber production and thus of low market value. Consid-
ering that these trees shall be cut down profitably to ensure proper forest management,
the potential use of the material obtained from them in the wood construction sector thus
assumes an economic importance that should not be underestimated [2].

In the same way, the use of wood in hydraulic engineering works has a long history
and a great potential for present and future applications [3]. Round wood is widely used
in this sector—even large-dimension logs—but due to poor characterization of the raw
material, the over-engineering of structures is often a solution, both of the size and number
of elements used.

Whatever the structural use of round timber, its inclusion in the strength grading
system, as it is regulated in the European technical standardization, would allow for
this product the advantages inherent in the better knowledge of the raw material and
the possibility to select and group the resource according to its mechanical quality [4].
In particular, both greater efficiency of use and considerable economic savings could be
achieved by an optimization of design, which takes advantage of the reliable estimation of
the material properties summed up in the strength class system.
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However, the strength grading of round logs is not as developed as for sawn tim-
ber and, in Europe, the technical standardization on strength grading is focused on the
assortments with rectangular cross-section.

There are two methods to strength-grade the structural timber: Visual and machine
grading. Briefly, the first system is based on the visually detectable characteristics of
the timber that affect its physical and mechanical properties (knots, slope of grain, etc.);
machine grading can directly measure several wood properties (e.g., dynamic modulus of
elasticity) to predict its strength, stiffness, and density [5].

Previous studies have analyzed the possibility and effectiveness of strength grading
round timber, mainly by visual methods [6-11]. Some attempts have also been made with
machine grading, but only to investigate the effectiveness of predicting the mechanical
properties of wood by nondestructive measurements [6,9,12]. A complete grading proce-
dure was not applied. The most used parameter for such an estimate has been the dynamic
modulus of elasticity calculated with the determination of the frequency or the velocity
of stress waves propagating along the timber piece. Overall, the achievement of the cited
works was the general lower efficiency of visual grading when compared to machine
determinations and the confidence in the real possibility to apply machine grading to
round timber [6,9-13].

Given all the above, the present work aims to apply the technology and rules de-
veloped for sawn timber to the mechanical selection of round logs that will be used in
hydraulic works. The goal is to verify the development of machine settings following the
standardized procedure already established for sawn timber. Particular attention is paid to
the issue of the simplicity of grading operations and the moisture content of the timber:
Logs that must be used immersed in water or, in any case, in environments with very high
humidity are not dried, and the selection is made fresh.

2. Materials and Methods
2.1. Sampling, Measurements, and Destructive Tests

In total, 257 oak logs were included in the sample. The logs were 4.5 m long and had a
nominal diameter at a middle length of 220 mm.

Before destructive tests, all the pieces underwent measurements by two instruments.
By using a Strength Grading Machine (ViSCAN portable by MiCROTEC, named here-
after as SGM) certified in Europe for sawn timber, the natural frequency of vibration in
the longitudinal direction after a percussion was measured and, combining it with the
weight and the dimensions of the piece, the dynamic modulus of elasticity was calculated
(Equation (1)). The volume of each piece was computed as the volume of a cylinder with a
diameter equal to the average of the two orthogonal diameters measured at a half-length
and length equal to those of the piece.

Edyn =p (Zlf)z 1)

where: Ej,,, = dynamic modulus of elasticity; p = density calculated as the weight of the
whole piece to its volume; | = length of the log; f = frequency.

At the same time, the acoustic velocity after percussion was determined by another
commercial instrument used mostly as a tool to evaluate the quality of logs (HITMAN
HM200 by fiber-gen, hereafter named as LT, log tool).

From an operational point of view, the main differences between the two instruments
can be summarized as follows: LT is of reduced size and weight and can be hand-held by
the operator during the measurement; SGM, on the other hand, is portable but not hand-
held, and is typically used on timber specimens placed on supports and free to vibrate.

Both return data are useful for determining the dynamic modulus of elasticity, but for
the present work, we want to compare the easiest working procedure (velocity measured
on logs with hand-held device) to a better performing property (the dynamic modulus)
determined by a machine certified for structural timber.
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After the measurements of the weight and the dimensions of each piece, and the
recording of the data collected by the two instruments, four-point bending tests were
carried out. The static modulus of elasticity and the bending strength were determined
following the procedure provided by the European standard for structural round timber
EN 14251 [14]. Briefly, the test piece was symmetrically loaded over a span of 18 times
its nominal diameter at the mid-span, with the loading placed at the third points of the
span. The deformation was measured in the central third on both faces at the neutral
axis at the mid-point of a gauge length 5 times the nominal diameter. The average of
the two measurements was used to calculate the slope of the straight section of the load—
deformation curve. The modulus of elasticity was calculated as follows:

al%S
16 I

@

where E;; = static modulus of elasticity; a = distance between the loading point and the
support; [; = gauge length; S = slope of the load—deformation curve; I = second moment of
area of elliptical section at mid-span.

Equation (2) differs from that of the EN 14251 [14], but in the case of tapered elements,
it returns slightly underestimated values [8], thus in favor of safety for the purposes of the
present work.

After the determination of the modulus of elasticity, the test went on to failure and the
maximum load reached was recorded. The bending strength was calculated as follows:

16 Fyax @
fm - T dhd% (3)

where f,;, = bending strength; F;y = maximum load; dj, = diameter perpendicular to
the load direction at mid-span (horizontal); d, = diameter in the direction of the load at
mid-span (vertical).

Following testing, density and moisture content were determined in accordance with
ISO 13061-2 [15] and EN 13183-1 [16] (oven dry method), respectively. For this purpose, a
small specimen of full cross-section and 7 cm thick was cut from each wooden element. The
small pieces were weighed immediately after the destructive test and measured to calculate
their volume, and then oven-dried and weighed again, thus obtaining the moisture content
of wood at the time of test.

2.2. Data Analysis

The processing of the data obtained from the tests was carried out in accordance with
the European standardization for the strength grading of solid wood with a rectangular
cross-section [17]. In particular, the bending strength of each specimen was adjusted to the
reference height of 150 mm, i.e., it was divided by the factor kj, = (150/ dy)%2, with d, the
diameter in the direction of the load application at mid-span.

As required by the standard EN 384 [18] density, the modulus of elasticity and the
determinations from the machines (dynamic modulus and velocity) were adjusted to
the reference moisture content (12%), applying the adjustment factors provided by No-
cetti et al. [19] for timber pieces with a moisture content above the fiber saturation point.

Descriptive statistics were calculated for the properties measured by the two instru-
ments and during the laboratory tests.

Correlations between all the properties were determined by means of linear
regression analysis.

Finally, machine settings were derived according to the European standards EN
14081-2 [17] for the two instruments, and the yields (number of pieces assigned to the
several classes) were compared.

The derivation of settings is briefly described in the following. The machine grading
concept requires a fitting of the machine to the material to be graded. The machine settings



Forests 2021, 12, 281

40f12

are basically thresholds for the property measured by the machine (i.e., the dynamic
modulus of elasticity for the SGM and the acoustic velocity for the LT in the present work)
set to group the sampled pieces into strength classes. Specific verifications are then applied
to validate such thresholds. The control provides three subsequent steps, described below.

The first step requires that the characteristic values of the bending strength, modulus
of elasticity, and density determined in the laboratory by destructive tests meet the values
tabled for the strength classes to which the timber pieces are assigned by the machine.

In the second step, the same verification is done individually for at least 4 sub-samples.
Therefore, the round logs were divided into 4 groups (QA, QB, QC, QD) according to
the supply over time (Table 1). Each group was smaller than the number required by the
official procedure (about 70 pieces in each group against the minimum of 100 required),
but for demonstration purposes, the procedure can also work with a smaller sampling.

Table 1. Mean values and coefficients of variation (CV) of physical and mechanical properties
for the 4 groups of round logs (QA, QB, QC, QD) defined according to the supply over time.
MCp, = mean moisture content, f;;,, = mean bending strength; f,, . = 5th percentile of bending
strength; E,, o ,, = mean static modulus of elasticity; V;; = mean velocity; Edyn,m = mean dynamic
modulus of elasticity; p,, = mean density; px = 5th percentile of density.

Property Unit Group ALL
QA QB QcC QD
N ) 71 72 72 42 257
MCp, (%) 56.7 62.6 62.5 62.5 60.9
Ccv (%) 17 15 17 18 17
Sfmm (MPa) 56.3 63.7 68.2 67.7 63.6
Sk (MPa) 34.0 45.0 46.0 49.5 43.1
Ccv (%) 21 17 16 16 19
Emom (GPa) 11.2 12.8 13.5 13.2 12.6
cv (%) 23 19 18 19 21
Vin (km/s) 43 4.6 4.5 4.5 4.5
cv (%) 7 5 6 7 7
Eaynm (MPa) 12.7 14.2 14.6 14.4 13.9
cv (%) 20 14 16 15 17
om (kg/m3) 666 674 686 703 680
Ok (kg/m?) 601 573 627 653 610
Ccv (%) 7 6 5 4 6

Finally, a cost analysis is performed. It compares the assignment to a class made by
the machine with the optimum grading, that is, the assignment based on timber mechan-
ical properties determined by the laboratory destructive tests described above. Specific
weighting factors are applied for wrongly graded pieces; particularly, adverse factors are
given for incorrectly upgraded pieces.

The required characteristic values of the strength classes are reported in EN 338 [20],
while the methods to calculate the characteristic values are described in EN 14358 [21] and
EN 384 [18].

For the calculations, the local modulus of elasticity was used, as it does not need any
adjustment for shear stresses as the global one does [22].
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3. Results and Discussion
3.1. Properties of the Raw Material

The mean values and the coefficients of variation of the physical and mechanical
properties determined in the laboratory for the sampled material are reported in Table 1. It
must be mentioned that the moisture content was very high. The logs had large dimensions
(nominal diameter of 220 mm) and were intended for hydraulic engineering works, to
be loaded immersed in water or in very high humidity conditions. Therefore, no drying
process is usually performed.

However, as explained in the methods, to comply with the strength class system of
structural wood, the design values are reported at the reference condition of 12%. The
only exception is the bending strength, for which, despite being affected by the moisture
content of the timber, no adjustment is required by the standard [18]. As timber with higher
moisture content has lower strength [23], the material strength is underestimated when
testing fresh material, i.e., above the fiber saturation point.

Comparison of the average properties is possible with data reported in the literature
for sawn oak timber. An overview on oak (sawn pieces with rectangular cross-section)
of European origin (France and Germany) presented similar values of the modulus of
elasticity, but the strength was generally lower for sawn pieces in respect of what was
measured in the present work (from 46 to 52 MPa compared to 64 MPa listed in Table 1),
despite a far higher density (higher than 710 kg/m3 compared to our 680 kg/m?3) [24-26].

The higher strength is even more remarkable, keeping in mind that our value refers to
fresh material, with high moisture content and no adjustment. Indeed, previous works have
shown that the mechanical strength of round timber was greater than the corresponding
squared assortments cut from the same material. Clearly, the continuity of the fibers plays
a decisive role in giving greater strength to the wooden element [27,28]. For some species,
the characteristic bending strength used in design standards is up to 500% higher than that
of the sawn timber of the same species (i.e., SANS 10163-1 [29]).

The relationships between the properties determined by the bending test and by the
two instruments are reported in Table 2. The values are comparable or higher to what is
usually observed for sawn timber of oak [26,30] or chestnut [31,32], for which machine
grading has already been developed both in dry and wet conditions [32].

Table 2. Coefficients of determination between properties (f;; = bending strength; E;; = static modulus
of elasticity; p = density; V = velocity; Edyn = dynamic modulus of elasticity).

fm E.. P \%
Em 0.72
o 0.35 0.31
Vv 0.35 0.49 0.06
Edyn 0.60 0.77 0.29 0.56

The property with the weakest correlations is density. This is a common outcome
of studies dealing with the prediction of the structural properties of hardwoods [32-34]:
Density is poorly correlated with strength and stiffness, as well as with the nondestructive
determinations with the exception of what measures density directly (e.g., scales or X-rays).

Between the two measures made by the machines, velocity and dynamic modulus,
the latter, as expected, correlates best with the different properties of the material.

3.2. Machine Settings

Settings were calculated both for velocity and dynamic modulus of elasticity. The
requirements to be met for a batch to be assigned to a particular strength class are listed in
Table 3 (only the classes used in the study are included).
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Table 3. Strength class properties as described in EN 338 [20] (f,,, x = 5th percentile of bending strength;
E;; = mean modulus of elasticity; py = 5th percentile of density).

fm,k En Pk

(MPa) (GPa) (kg/m®)
D50 50 14.0 620
D45 45 13.5 580
D40 40 13.0 550
D35 35 12.0 540
D30 30 11.0 530

Table 4 reports the settings developed for both the velocity and the dynamic modulus
of elasticity for several strength class combinations. The comparison is performed by the
yields achieved with the two instruments and with the optimum grading (the grading
based on the “real” properties of the material determined by destructive tests).

Table 4. Settings and yields for the optimum grading (based on the real properties determined by
destructive tests) and machine grading for several grade combinations (R = rejects).

Grade Optimum Velocity Egyn
. . Setting Yield Setting Yield
0,

Comb. Grading Yield (%) (km/s) (%) (MPa) (%)
D35 100 3.78 97.7 8750 98.1

R 0 2.3 1.9
D40 100 4.03 92.6 9490 94.9

R 0 74 5.1
D45 96.1 427 73.9 11,000 88.7
R 49 26.1 11.3
D50 84.8 - - 12,400 74.7
R 15.2 - - 25.3
D45 96.1 4501 51.0 13,500 ! 59.9
D30 0 3.78 46.7 8750 38.1

R 49 2.3 1.9
D50 84.8 - - 13,500 1 59.9
D30 0 - - 8750 38.1

R 15.2 - - 1.9

1 Setting increased to allow class D30 and to minimize rejects.

For the low grades (D35 or D40), the settings were easily determined and the yields
were very similar when using the velocity or the dynamic modulus. However, as the classes
increased, the yields reachable when the velocity was the property used for the selection
were lower if compared to the use of the dynamic modulus. Some grade combinations were
even not possible to sort (D50), as the velocity was not effective enough for the derivation
of settings. Similar findings were reported for chestnut sawn timber [32].

During the development of settings, the sub-sample QA often affected negatively the
results: i.e., the thresholds needed to increase to meet the second step of the verification
process (requirements met in each sub-sample), as the mechanical properties of QA were
lower than the others (Table 1).

Among the material properties, stiffness was the limiting one for the grading. Figure 1
shows the ratio between the characteristic values achieved by the pieces assigned to a
class by the machine (in the figure, only the strength grading machine using the dynamic
modulus of elasticity as grading property) and the values required for strength, stiffness,
and density. The strength and the density were always well above the requirements (ratio
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far higher than 1), while the modulus of elasticity presented the lowest ratio, i.e., the
characteristic values were close to the requirement. Strength and density also got closer to
the characteristic values of the class only for the highest class (D50). Similar results were
observed when the velocity was used as the grading property.

1.40
M Strength Modulus ® Density
1.30

1.20
1.10
1.00
0.90

0.80
D35 D40 D45 D50

Figure 1. Ratio between the characteristic values achieved by the pieces graded by machine (using
the dynamic modulus of elasticity) and the requirements for the classes (combinations with only
one class).

In the same way, previous works on softwoods observed that stiffness was the limiting
factor to the assignment of round logs to the strength class systems [7,8].

Although, during grading, the velocity proved to be less efficient than the dynamic
modulus of elasticity in terms of yields, the effectiveness of separating the material into
quality groups was very similar between the two properties, except for density. The dy-
namic modulus of elasticity separated only slightly better strength and stiffness (Figure 2),
but no separation at all was noticed in the groups formed by velocity in terms of density
(Figure 2).

The explanation is clearly found in the correlation between the acoustic velocity and
the density of the material, which was close to zero. What is remarkable, however, is the
good separation of the mechanical properties that was obtained despite the correlations
with the velocity being much lower than those with the dynamic modulus of elasticity
(Table 2).

3.3. Pratical Application of Settings

In practice, the round material used for hydraulic works is selected green, i.e., with
high values of moisture content (usually above the fiber saturation point), while the settings
derived and reported here were adjusted to the reference values of 12%. Their practical
application differs because the velocity decreases with moisture, even above the wood fiber
saturation point, while the dynamic modulus of elasticity remains constant [19].

This means that the use of velocity as a grading property requires the measurement
of the moisture content of fresh wood (which is known to be difficult) to allow the proper
adjustment of the values recorded during grading. On the contrary, an accurate determina-
tion of the moisture content of wet material is not necessary for the dynamic modulus of
elasticity. The only check to be made is that the material is above the fiber saturation point;
a constant factor is then applied for the adjustment [19]. On the other hand, the dynamic
modulus of elasticity requires the determination of the wood density and therefore the
need to weigh the piece and to measure its dimensions.

Assuming the moisture content of round fresh wood of at least higher than 40% (our
sample had on average a MC of 60% and only one log had MC < 40%), it could be possible
to re-adjust the velocity settings to a moisture content value of 40% and apply them to
our sample to simulate a grading made in practice without correction for moisture (the
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measured velocity on fresh timber would be lower than if measured at 40% of moisture;
therefore, the procedure would be less efficient but safe).

Velocity
0.03-
class 0.02+ class
[ oss D45
D D30 D30
L= R
0.01-
0.00-
25 50 75 100 0 25 50 75 100
Bending strength [MPa] Bending strength [MPa]
Velocity
0.00015-
class 0.00010- class
[]oss D45
D D30 D30
L= R
0.00005-
0.00000-
5000 10000 15000 20000 5000 10000 15000 20000
Modulus of elasticity [MPa] Modulus of elasticity [MPa]
Velocity
0.0075-
class class
D30 0.0050- D45
D45 D30
R R
0.0025-
0.0000-
500 600 700 800 900 400 500 600 700 800 900
Density [kg/m”] Density [kg/m°]
(a) (b)

Figure 2. Density curves for bending strength, modulus of elasticity, and wood density of the three classes (D45-D30-R)

sorted by the machine grading, by the dynamic modulus of elasticity (a) and the velocity (b).

Of course, the yields decreased (Table 5) more for the high classes in which the material
must be assigned: The yield achieved was 87.9% for D35-R (9.8% less than dry grading),
64.6% for D40-RE] (23.7% less), and only 43.2% for D45-R (30% less). However, the grading
remained formally correct (Figures 3-5). In the figures, the examples of the wet grading of
D35-R and D45-R are represented graphically. For strength and density, only 1 or 2 pieces
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(therefore, less than the 5%) were lower than the characteristic values of the classes. In the
same way, the requirement for the modulus of elasticity was always fulfilled as the mean
values for the pieces assigned to a strength class was higher than the value tabled for the
same class (dashed line in the figures).

Table 5. Yields achieved by wet grading, using the velocity unadjusted for moisture content.

Yield D35/R D40/R D45/R D45/D30/R
(%) (%) (%) (%)

Class 87.9 68.9 43.2 12.8/75.1

Rejects 12.1 31.1 56.8 12.1

o

S -
T 8
o
=3
[
2
g 3
7]
g
xe)
c
& 9

<

T T T
3.0 35 4.0
Velocity [km/s]

Figure 3. Scatterplot of bending strength vs. velocity measured on wet timber and not adjusted for
moisture content. Vertical lines = settings recalculated at 40% MC for D35 (grey) and D45 (black);
horizontal lines = characteristic values of strength for the classes D35 (grey) and D45 (black); sparse
oblique lines = pieces assigned to D35; dense oblique lines = pieces assigned to D45.
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-t B R o v, DA T D 7, % I i
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3.0 35 4.0

Velocity [km/s]

Figure 4. Scatterplot of static modulus of elasticity vs. velocity measured on wet timber and not
adjusted for moisture content. Vertical lines = settings recalculated at 40% MC for D35 (grey) and D45
(black); solid horizontal lines = mean values of modulus for the classes D35 (grey) and D45 (black);
dashed horizontal lines = mean values of modulus of pieces assigned to D35 (grey) and D45 (black);
sparse oblique lines = pieces assigned to D35; dense oblique lines = pieces assigned to D45.
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Figure 5. Scatterplot of density vs. velocity measured on wet timber and not adjusted for moisture
content. Vertical lines = settings recalculated at 40% MC for D35 (grey) and D45 (black); horizontal
lines = characteristics values of density for the classes D35 (grey) and D45 (black); sparse oblique
lines = pieces assigned to D35; dense oblique lines = pieces assigned to D45.

4. Conclusions

Machine strength grading was verified to be possible and can be effectively applied to
round timber, mostly with the same rules used for the squared assortments.

The settings developed in the present work should be considered merely demonstra-
tive due to the insufficient initial sampling (less than the number required by the technical
standardization). However, the calculations and verifications required by the machine
grading system were all fulfilled as proof that the method can be effectively applied to
round wood.

The limiting property for assigning the material to the strength class system was the
stiffness. This, together with the mechanical characterization of the round material, led to
two relevant conclusions. On one side, the strength classes as defined for squared sawn
wood do not fit appropriately to round timber, for which the bending strength was higher
than those of rectangular pieces with a similar modulus of elasticity. An adaptation of the
strength class profiles could allow a more accurate description of the round material. On
the other hand, wanting to keep the class system described by the current standardization
unchanged, an estimate as accurate as possible of the modulus of elasticity might improve
the effectiveness of the grading of round wood.

Evidently, the use of the dynamic modulus of elasticity makes machine grading more
efficient in terms of better yields and high quality classes that can be selected. It is also
applicable on fresh material (moisture content above the wood fiber saturation point).

On the other hand, the use of acoustic velocity alone is feasible and makes the pro-
cedure much faster, with the need of less variables to be measured. The yields achieved
are only a little lower than those obtained by the dynamic modulus, but the highest class
(D50) could not be selected. In the case of wet grading (grading done on fresh material), the
velocity could also be used without the need of further adjustments (no need for accurate
measurement of the moisture content of green timber), if conservative assumptions are
made, i.e., moisture content of the timber above 40%. In this way, wet grading resulted
in very conservative estimations. It can be stated that if the grading aims at selecting
material in low classes (D30, D35, or D40), the acoustic velocity measured on wet timber
might be a valid alternative. If higher classes are the target, the yield could be too low
for profitable use. However, a technical and economical evaluation should be carried
out of the advantages of using a very fast and relatively cheap tool to what is usually an
unsorted material.
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In conclusion, the advantages of extending the strength grading procedure of squared
sawn timber to round logs used in hydraulic works has potential.
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