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Abstract: The aim of this paper is to analyze the mechanical properties of Robinia pseudoacacia L. (black
locust), Platanus × hybrida Brot. (London plane), Ulmus pumila L. (Siberian elm), and Populus alba L.
(white poplar), estimated using ultrasound wave equipment (USLab y Sylvatest Duo) and impact
wave equipment (Microsecond Timer) on standing trees, felled logs and on specimens obtained from
different parts of the trees. Bending strength, axial compression strength and tension parallel to grain
were determined for each specimen, in order to subsequently correlate the strength and stiffness
with the acoustic properties determined in the standing tree. For the relationship between the static
modulus of elasticity of the specimens and the dynamic modulus of elasticity determined in standing
trees using the USLab, coefficients of determination were found to be between 0.30–0.92, between 0.52
and 0.80 using the Sylvatest Duo and between 0.60 and 0.94 with the Microsecond Timer. It would be
necessary to determine whether the removal of bark for the correct coupling of the ultrasonic sensors
would provide an entry route for pests or diseases that could affect the health of the tree.

Keywords: bending strength; impact waves; standing tree; ultrasound

1. Introduction

The benefits of urban trees are truly diverse, including aesthetic, recreational, environ-
mental and even psychological benefits [1]. Since these physical structures are located in
close proximity to people and property, their failure can cause damage. The science of tree
stability uses biological and engineering principles to determine the structural soundness
of the trees and predict the probability of failure [2]. Trees are living organisms, the prop-
erties and characteristics of which vary depending on the species, location, and growing
conditions. Hence it is difficult to predict exactly when and under what conditions they
will fail.

As trees age, they progressively develop features (such as a greater susceptibility to
attack by fungi and insects) that can compromise their mechanical integrity. Therefore,
older trees and their younger successors must be managed responsibly to support all
ecosystem services, and appropriate methods of assessment must be developed to ensure
an acceptable level of risk [3]. Nondestructive evaluation of the properties of standing
trees was developed in response to the necessity to solve practical problems without
compromising the integrity of the trees [4].

In biomechanics, the tree is considered a structural element, subject to wind and gravi-
tational forces, so it is necessary to determine its physical and mechanical properties [5].
Nondestructive methods allow the physical and mechanical properties of a material to be
identified, so that management decisions can be taken without affecting its final use [2].
Among the advantages of these methods are safety, low-cost equipment, versatility, time
saving, equipment portability and the fact that they do not require laboratory stand equip-
ment [6].
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The nondestructive methods most used in the evaluation of both standing trees and
structural wood are those based on the transmission of acoustic waves (impact or ultrasonic).
The moisture content of the standing tree, the species, soil conditions, and environmental
factors all affect the characteristics of the wood at both microscopic and macroscopic
levels [7]. Acoustics is a practical, low-cost method to assess the wood quality of standing
trees; the movement of acoustic waves through wood is directly related to its physical
and mechanical properties, since stress waves travel more slowly through wood with
some defect (cracks, deterioration by fungi or insects, or hollows) or with singularities
(presence of knots or reaction wood) than through healthy wood [8,9]. Thus, the presence
of deterioration from decay can greatly affect stress wave transmission time through wood,
the transmission times for decayed wood being much greater than those for non-decayed
wood [10]. Different studies have shown that, in the case of longitudinal measurements, the
velocity in the standing tree is different from that of logs from a recently felled tree [11–16].

As regards the trees in Madrid City, the most commonly used nondestructive method
is visual inspection, which often does not identify internal anomalies pointing to internal
decomposition or instability. Hence, it is necessary to consider other techniques which,
when combined with visual inspection, provide a more precise assessment of the mechan-
ical condition and therefore the level of risk associated with a given tree. In the present
study, the physical and mechanical properties of wood in six specimens of urban trees from
Madrid City are determined, and nondestructive tests are carried out using ultrasound
wave equipment (USLab, Sylvatest Duo) and impact waves (Microsecond Timer) on stand-
ing trees, on logs from felled trees, and on specimens obtained from each tree. Furthermore,
destructive tests for bending strength, axial compression strength, and tension parallel to
grain were carried out on small-sized specimens.

2. Materials and Methods

The sample used in this investigation consisted of one tree of Robinia pseudoacacia L.
(black locust), one of Platanus × hybrida Brot. (London plane), three of Ulmus pumila L.
Siberian elm) and one of Populus alba L. (white poplar). These trees were selected for felling
because they had certain anomalies such as cracks in the bark, cavities in the tree trunk or
because they were leaning, which can be a sign of structural issues and therefore risk of
tree failure.

As regards the environment, the Populus alba L. tree was located in a green area
together with other trees of the same species, whereas the rest of trees in this study were
located in sidewalk tree pits. Samples of 15 cm in length were taken from each standing
tree using a Pressler drill at three different heights on the trunk (0.3 m, 1.20 m and 2.0 m).
These samples were sectioned and weighed directly in the field to obtain the green weight,
and subsequently they were taken to the laboratory and dried in a stove at 103 ± 2 ◦C to
obtain the oven-dry weight. The moisture content (MC) was calculated using the equation:

MC(%) =
Wg − Wd

Wd
(1)

where Wg is the green weight of the sample and Wd is the oven-dry weight of the sample.
The green density of these Pressler drill samples was estimated (ρg) using the empirical

method, for which the samples were considered to be perfect cylinders. Once the samples
had been sectioned, freshly obtained from the standing tree, the length and three diameters
(one at each end and one in the middle) were measured with a caliper to an accuracy of
0.01 mm. The three diameter measurements were then averaged. The green volume was
obtained (Vg) using the the equation:

Vg = πD2 × L/4 (2)

where Vg is the green volume, π = 3.1416, D is sample diameter and L is sample length.
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Once the green volume and green weight have been obtained, the green density can
be calculated using the equation:

ρg = Wg/Vg (3)

where ρg is the green density, Wg is the green weight and Vg is the green volume.

2.1. Longitudinal Measurements

For the standing trees, two logs of 90 cm in length were marked, starting at 30 cm from
the base of the tree, and indirect and semidirect measurements of these logs were taken in
the longitudinal direction, the circumference being divided into eight points of measure-
ment with the first point facing geographical north and the seven remaining measurement
points continuing in a clockwise direction. These measurements were obtained using the
following two different pieces of ultrasound equipment: the USLab (Agricef, Campinas,
Brazil), which measures the transmission time (time of flight or ToF) of an ultrasonic wave
(µs) through two conical piezoelectric transducers, one emitter and the other receiver, with
a frequency of 45 kHz, and the Sylvatest Duo (CBS-CBT, Paris, France), with 22 kHz conical
transducers that also measures the transmission time of an ultrasonic wave (µs).

In addition, longitudinal measurements were taken using the Microsecond Timer
(MST) (Fakopp Enterprise, Sopron, Hungary), which is an acoustic wave transmission
time measurement device (µs) with two spike-type transducers (start transducer and stop
transducer). A hammer weighing 100 g was used to generate a stress wave. The time of
flight (ToF) was measured using the three pieces of equipment and thus the transmission
velocity was calculated through the equation:

V (m/s) = L/ToF (4)

where V is the velocity and L is the distance of the sensors.
To perform the longitudinal measurements at the different measurement points, per-

forations were drilled through the bark and into the wood itself so that the sensors could
then be coupled correctly in the trunk. In the case of semidirect measurements, each sensor
was placed diametrically opposite to the other, whereas for indirect measurements, the two
sensors were placed on the same side. For the indirect and semidirect measurements, each
sensor was placed at 45◦. For the semidirect measurements, the velocities were calculated
by dividing the distance traveled by the time obtained, where the distance corresponds to
the hypotenuse of a right triangle (Figure 1).
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Once the trees had been felled, the logs were taken to the laboratory and the mea-
surements were repeated at the same points as for the standing tree. In addition, direct
measurements were performed, for which 5 mm perforations were drilled in both cross
sections of the log, in order to correctly couple the sensors. Eight measurement points were
considered at 5 cm from the bark (coinciding with the measurement points on the standing
tree) as well as one more point in the center.

2.2. Preparation of Specimens

The preparation of the specimens was carried out according to standard UNE 56-528-
78 [17]. The two logs obtained from each tree were cut in half, thus obtaining four logs
of approximately 45 cm. Five pieces were then marked on the cross sections of the logs
(Figure 2), each piece coinciding with points 0, 1, 3, 5 and 7 of the direct measurements
(point 1 being that which faced geographic north on the standing tree). Specimens were
then obtained from each of these pieces to perform bending strength tests (20 mm × 20
mm × 300 mm), axial compression strength (20 mm × 20 mm × 60 mm) and tension
parallel to grain (locations illustrated in Figure 2). In the case of Robinia pseudoacacia L. it
was not possible to obtain specimens from the central area, since it had a hole caused by a
xylophagous agent.
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T = tension parallel to grain.

The tests were carried out on conditioned and saturated specimens, with the latter
having a humidity level similar to that of the standing tree. In the case of conditioned
specimens, these were placed in a conditioning chamber at a temperature of 20 ± 2 ◦C
and relative humidity of 65 ± 5% until they reached equilibrium humidity, which was
confirmed by successive weighing. This equilibrium was considered to have been reached
when two consecutive weights, separated by an interval of 6 h, did not differ by more than
0.1% of specimen weight, following the standard UNE EN 408 [18]. In the case of saturated
specimens, an attempt was made to conserve the natural humidity of the wood by keeping
them submerged in water.

2.3. Nondestructive and Mechanical Tests on Specimens

For the bending strength tests on both conditioned and saturated specimens, direct
measurements were made with the USLab, Sylvatest Duo and Microsecond Timer equip-
ment (Figure 3). In the same way as for the standing trees and logs, the wave transmission
velocity was calculated through the time of flight (ToF).
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and Microsecond Timer (c).

As regards the mechanical tests on specimens for bending and compression, a Suzpecar-
Microtest universal testing machine was used with load cells of 7.9 kN and 24 kN, respec-
tively. The dimensions of the specimens were measured to the nearest 0.1 mm. Determi-
nation of static bending strength was carried out according to standard UNE 56537 [19],
applying the load at a constant velocity of 5 mm/min until breakage. The axial compression
strength tests were carried out according to standard UNE 56535 [20]. The load was applied
at a constant velocity of 250 kg/cm2 per minute until the specimen broke (Figure 4).
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Figure 4. Mechanical tests of bending strength (a); axial compression strength (b); and tension parallel
to grain (c).

Tension parallel to grain tests were carried out according to standard UNE 28012-8 [21].
An Instron-Microtest universal testing machine with a 24.7 kN load cell was used. The
specimens were prepared in the shape and dimensions needed for the test (Figure 5). The
load was applied at a velocity of 33 N/s until the specimen broke.
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Once the conditioned and saturated specimens had been tested using both nondestruc-
tive and destructive methods, they were placed in drying stoves at 103 ± 2 ◦C to obtain the
anhydrous weight and subsequently determine the moisture content of the specimens at
the time of each test.

Bending strength values (fm) and static modulus of elasticity (MOE) were obtained
using the equations:

fm =
3 Fmax l
2 b h2 (5)

MOE =
l3

4 b h3 × P
∆

(6)

where Fmax is the maximum load in N; l is the distance between supports (mm); b is the
width of the specimen (mm); h is thickness of the specimen (mm); and P/∆ is the slope of
the stress-strain curve in the elastic range.

The axial compression strength ( fc,0) was obtained using the equation:

fc,0 = Fmax/A (7)

where Fmax is the maximum load applied (N) and A is the cross-sectional area of the
compression specimen (mm2).

In the same way, tension parallel to grain ( ft,0) was obtained using the equation:

ft,0 = Fmax/A (8)

where Fmax is the maximum load applied (N) and A is the area of the breaking section
(mm2).

In the conditioned specimens used in the present study, a correction factor was applied
according to the variations mentioned above. For the density (ρ) the correction factor given
in the standard UNE EN 384:2016+A1 [22] was applied, according to the equation:

ρ = ρ(u)(1 − 0.005)
(

u − ure f

)
) (9)

where u is the moisture content at the time of the test and uref is the reference moisture
content (12%).

2.4. Relationship between Dynamic MOE in Logs and Indirect Velocities in Standing Trees

With the direct velocities in logs (V), and the green density (ρg) estimated using the
Pressler drill, the dynamic modulus of elasticity (MOED; MPa) was calculated through the
equation:

MOED = ρg × V2 × 10−6 (10)

2.5. Data Analysis

Data from the different tests were processed and statistically analyzed using Microsoft
Office Excel 2019 and Statgraphics Centurion 18. The study of normality of the variables
was carried out using the Shapiro–Wilk test, which is based on the comparison of quartiles
of the fitted normal distribution of the data. To study differences between variables,
analysis of variance (ANOVA) was performed with a confidence level of 95%. To analyze
the relationship between variables, simple regression models were carried out, which allow
the impact of certain factors (x) on a dependent variable (y) to be described. To evaluate
the goodness of fit, the coefficient of determination (R2) was used, which represents the
percentage of variability in the dependent variable explained by the independent variable.
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3. Results and Discussion
3.1. Standing Tree and Log Measurements

The wave propagation velocity was obtained by dividing the distance traveled by
transmission time obtained with each device: USLab, Sylvatest Duo and Microsecond
Timer. The results for different species and devices used are presented below (Tables 1–3).

Table 1. Longitudinal velocities obtained using USLab and coefficients of variation.

Measurements in Standing Trees Measurements in Logs

Tree Log
Indirect Semidirect Direct Indirect Semidirect

Average
(m/s)

C.V.
(%)

Average
(m/s)

C.V.
(%)

Average
(m/s)

C.V.
(%)

Average
(m/s)

C.V.
(%)

Average
(m/s)

C.V.
(%)

Robinia
pseudoacacia L.

LA 3348 19.4 3041 14.3 4370 6.4 3286 23.1 2979 15.4
LB 3532 19.1 3351 11.8 4548 8.5 3474 23.7 3127 15.6

Platanus ×
hybrida Brot.

LA 3011 6.3 2571 9.5 3658 3.8 3251 7.5 2644 8.6
LB 3335 4.3 2768 6.9 3857 3.5 3678 3.9 2938 4.2

Ulmus pumila L. 1 LA 774 27.1 564 34.0 3298 10.7 917 3.6 695 5.3
LB 584 44.7 481 28.9 3119 7.1 919 5.3 695 5.3

Ulmus pumila L. 2 LA 1247 51.5 6556 19.2 2255 30.9 846 7.0 677 6.4
LB 2409 6.6 1565 28.9 3123 13.0 2457 3.4 1581 17.3

Ulmus pumila L. 3 LA 2770 14.3 2254 12.2 3509 4.3 3015 13.5 2410 9.5
LB 2698 11.7 2318 11.6 3623 3.4 3058 9.1 2365 14.3

Populus alba L. LA n.d. n.d. n.d. n.d. 4184 9.5 3063 28.5 1147 9.2
LB n.d. n.d. n.d. n.d. 3974 8.0 2767 31.0 878 37.2

LA = Log A, LB = Log B, C.V. = Coefficient of variation, n.d. = no data.

Indirect velocities obtained using USLab, both in standing trees and logs, were always
higher than the respective semidirect velocities. The direct velocity in logs was higher than
the indirect and semidirect velocities by different proportions depending on the tree species:
Robinia pseudoacacia L. (24% and 31%), Platanus x hybrida Brot. (7% and 25%), Ulmus pumila
L. 1 (71% and 78%), Ulmus pumila L. 2 (41% and 59%), Ulmus pumila L. 3 (14% and 32%), and
Populus alba L. (28% and 75%). This difference is due to the angle of the propagation waves
with respect to the longitudinal direction of the fiber, revealing that velocity decreases
when changing the angle of propagation [23–25], in this case by changing the angle to 45◦

in indirect velocities.
Gonçalves et al. [14] evaluated the variation in ultrasonic wave propagation velocity

with USLab in standing trees of Eucalyptus grandis, Pinus elliottii, Toona ciliata and Eucalyptus
clones, the transducers being placed at 45◦ and 0.5 m apart. Once felled, logs were taken
from the each of the above species with lengths ranging from 1.8 m to 3.5 m and tests
were performed by placing the transducers at both ends. In this study, indirect velocities
(in standing trees) of 4832 m/s, 1999 m/s, 4347 m/s, and 4449 m/s respectively, and
direct velocities (in logs) of 4189 m/s, 2123 m/s, 3910 m/s, and 3872 m/s were obtained.
These results contradict the notion that velocity decreases when the wave propagation
angle is modified, although another important factor to consider is the distance between
transducers. In this regard, although the length traveled by the acoustic pulse does not,
in theory, affect the recorded propagation time, in practice, shorter read lengths tend to
show higher velocity values; in other words, there seems to be a loss of velocity when the
length between transducers is increased [24]. In the present study, the distances between
transducers for indirect velocities was 0.8 m and for direct velocities was 0.9 m Since the
distance between transducers was similar, the fact that lower velocities were recorded for
indirect measurements can only be due to the modification of the wave propagation angle
with respect to the fibers.
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Table 2. Longitudinal velocities obtained using Sylvatest Duo and coefficients of variation.

Measurements in Standing Trees Measurements in Logs

Tree Log
Indirect Semidirect Direct Indirect Semidirect

Average
(m/s)

C.V.
(%)

Average
(m/s)

C.V.
(%)

Average
(m/s)

C.V.
(%)

Average
(m/s)

C.V.
(%)

Average
(m/s)

C.V.
(%)

Robinia
pseudoacacia L.

LA 3016 15.5 2906 8.9 3809 6.0 3037 14.5 2847 10.6
LB 3183 15.2 3015 9.9 3941 8.5 3109 17.6 2893 10.4

Platanus ×
hybrida Brot.

LA 2625 9.8 1338 12.4 3313 4.1 2795 6.3 1791 11.8
LB 3025 5.8 2136 15.9 3459 3.6 3065 6.5 2318 13.8

Ulmus pumila L. 1 LA 1474 41.8 976 30.1 2971 7.6 1735 25.7 1270 9.8
LB 1268 8.8 950 16.2 2867 5.8 1554 34.7 1244 7.2

Ulmus pumila L. 2 LA 1656 23.7 1000 21.2 2306 13.3 1796 10.8 1209 6.9
LB 1612 31.5 1019 32.9 2841 8.6 2105 11.9 1473 8.2

Ulmus pumila L. 3 LA 2650 5.8 1815 6.5 3090 4.6 2777 8.5 1980 8.1
LB 2290 18.6 1664 17.0 3200 3.5 2585 12.0 1929 8.4

Populus alba L. LA n.d. n.d. n.d. n.d. 3559 8.5 2310 40.2 859 19.0
LB n.d. n.d. n.d. n.d. 3447 7.5 1599 46.8 878 9.3

LA = Log A, LB = Log B, C.V. = Coefficient of variation, n.d. = no data.

In the same way, direct velocity measured using the Sylvatest Duo was higher than the
indirect and semidirect velocities by different proportions, depending on the tree species:
Robinia pseudoacacia L. (20% and 25%), Platanus × hybrida Brot. (13% and 39%), Ulmus pumila
L. 1 (43% and 56%), Ulmus pumila L. 2 (23% and 47%), Ulmus pumila L. 3 (14% and 37%),
and Populus alba L. (44% and 75%). As in the case of USLab, there is a loss of velocity in
the semidirect measurements compared to the direct measurements, mainly because the
configuration of the semidirect approach means that the amplitude of the signal received
is significantly smaller along its path and it also passes through the pith area. Hence, the
waves encounter more defects in the wood, such as knots, cracks and possible decay.

Direct velocity measured using the Microsecond Timer was also higher than the
indirect and semidirect velocities, although as with the other devices the differences varied
depending on the tree species: Robinia pseudoacacia L. (17% and 22%) Platanus × hybrida Brot.
(14% and 37%), Ulmus pumila L. 1 (11% and 40%) Ulmus pumila L. 2 (20% and 39%) Ulmus
pumila L. 3 (11% and 29%) and Populus alba L. (58% and 65%). Using this device, the losses
in velocity, especially for the indirect measurements with respect to direct measurements,
were noticeably lower than those found using the ultrasound equipment.

For all trees studied, in general, the indirect velocities in logs were found to be
slightly higher than the indirect velocities measured in standing trees, even though the
measurements were taken at the same points. This difference can be explained by the load
conditions and stresses to which standing trees are subjected, while logs are free of loads.
These loads on the tree are influenced by the dimensions of each specimen (height, trunk
diameter, crown, branches, etc.).
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Table 3. Longitudinal velocities with Microsecond Timer and coefficients of variation.

Measurements in Standing Trees Measurements in Logs

Tree Log
Indirect Semidirect Direct Indirect Semidirect

Average
(m/s)

C.V.
(%)

Average
(m/s)

C.V.
(%)

Average
(m/s)

C.V.
(%)

Average
(m/s)

C.V.
(%)

Average
(m/s)

C.V.
(%)

Robinia
pseudoacacia L.

LA 2673 8.8 2511 3.6 3201 6.8 2626 9.3 2469 5.0
LB 2735 14.0 2557 5.7 3293 8.9 2706 12.8 2569 4.4

Platanus ×
hybrida Brot.

LA 2267 5.1 1751 14.4 2757 3.9 2387 3.9 1730 6.1
LB 2391 3.8 1759 10.1 2974 3.9 2499 3.2 1852 8.6

Ulmus pumila L. 1 LA 2114 4.9 1390 6.7 2544 6.6 2237 5.9 1508 2.4
LB 2010 4.1 1380 5.0 2442 4.7 2185 4.9 1469 2.7

Ulmus pumila L. 2 LA 1704 5.9 1287 5.1 2146 9.6 1751 7.8 1281 7.5
LB 1911 6.7 1576 6.6 2554 8.2 1964 2.8 1551 4.8

Ulmus pumila L. 3 LA 2416 6.6 1894 7.4 2843 4.0 2539 5.5 1982 5.1
LB 2492 8.3 2068 2.6 2946 3.9 2556 8.1 2088 3.3

Populus alba L. LA n.d. n.d. n.d. n.d. 3179 7.3 1810 16.8 1103 11.0
LB n.d. n.d. n.d. n.d. 3177 7.3 832 8.3 1060 29.8

LA = Log A, LB = Log B, C.V. = Coefficient of variation, n.d. = no data.

The variation in velocity at the different measurement points for Platanus × hybrida
Brot. is shown graphically (Figure 6). Points 1 to 8 correspond to log A and points 9 to
16 correspond to log B. In these graphs, the indirect and semidirect velocities obtained
in standing trees and those obtained in logs are compared. In general terms, the two
ultrasound wave devices recorded greater variation between velocities for both standing
trees and logs, in comparison to the same measurements taken using the impact wave
equipment.
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Figure 6. (a) Indirect velocities and (b) Semidirect velocities, determined on standing tree and logs in
Platanus × hybrida Brot.

As regards the species in this study, a greater variation in the velocities in standing
trees was found when using the ultrasound devices (USLab and Sylvatest Duo), since
these are more sensitive to external vibrations. This can be a problem when performing
measurements on trees that are close to streets where vehicles generate vibrations that can
affect the measurements. This was the case of the Ulmus pumila L. 1 and Ulmus pumila L. 2
trees in this study, as reflected by their coefficient of variation values.

Regarding the direct velocities determined in logs of the different species using ultra-
sound equipment (Sylvatest Duo and USLab), there was an appreciable difference between
velocities measured using the 22 kHz sensors and the 45 kHz sensors, the latter being
higher. It was expected that the three trees of Ulmus pumilla would have a similar average
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velocity, since they had no internal decay that could affect the transmission of the waves.
However, the specimens from this species used for the testing were found to have a lot
of small knots along the stem, which could have been a determining factor in the wave
velocity variation among these trees of the same species. In contrast, lower velocities were
recorded for all the different logs when using the impact wave equipment, in comparison
to the ultrasound equipment.

3.2. Relationship between Dynamic MOE in Logs and Indirect Velocities in Standing Trees

Linear regressions were performed between MOED and the indirect velocities in
standing trees obtained using each device (USLab, Sylvatest Duo and MST). Thus, with
indirect measurements of the standing tree, the dynamic modulus of elasticity in the
direction of the fiber can be estimated, this being related to a large extent to the mechanical
properties of wood [23]. In Robinia pseudoacacia L. values of R2 = 0.88 were found using
USLab, R2 = 0.93 with Sylvatest Duo and R2 = 0.89 in the case of MST. In Platanus × hybrida
Brot., the values were R2 = 0.86 using USLab, R2 = 0.77 with Sylvatest Duo and R2 = 0.90
with MST (Figure 7).
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Figure 7. Linear regression between MOED and indirect velocity using USLab, Sylvatest Duo and
MST in Platanus × hybrida Brot.

In Ulmus pumila L. 1, values of R2 = 0.54 were found with Sylvatest and R2 = 0.70
with MST. In Ulmus pumila L. 2, an R2 = 0.55 was found using USLab, R2 = 0.21 with
Sylvatest and R2 = 0.35 with MST. In Ulmus pumila L. 3, values of R2 = 0.39 were found
using USLab, R2 = 0.33 with Sylvatest and R2 = 0.39 with MST, Finally, in the case of
Populus alba L., an R2 = 0.43 was found using USLab, R2 = 0.29 with Sylvatest and R2 = 0.37
with MST. Wang et al. [11] reported a linear regression between the velocity of a tree
and the log, characterized by a coefficient of determination that ranged between 0.71 and
0.93. Bertoldo [26] reported regression models for tree-log ultrasound velocities with an
R2 = 0.89.

3.3. Nondestructive Tests and Destructive Tests on Specimens

Given that moisture content is known to be an important factor, several studies
have highlighted its effect on ultrasonic waves. Results from these studies suggest that,
below the fiber saturation point (FSP), the velocity of the waves in the direction parallel
to the fibers decreases drastically with increasing moisture content (MC). However, in the
longitudinal direction, moisture content above the FSP does not influence the ultrasonic
velocity [23,27–30].
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As regards the mechanical properties of the wood, above the FSP value, water freely
fills the cavities of the fibers and does not influence the mechanical properties [31]. The
influence of humidity differs among the various mechanical properties. For practical
purposes, there is a linear relationship between each mechanical property and humidity
for contents between 8 and 20%. The approximate variation in mechanical properties (%)
of defect-free wood for a variation in moisture content of 1% is 5% in the case of parallel
compression, 2.5% in tension parallel to grain and 4% in bending strength [31].

For the velocities determined in the specimens using ultrasound, a correction factor
was applied corresponding to the fact that the velocity decreases by 0.8% and the velocity
with stress waves (MST) by 1% for each point of increase in the moisture content, com-
pared to reference moisture [32]. Table 4 summarizes the average velocities and dynamic
modulus of elasticity obtained using nondestructive methods, both for conditioned and
saturated specimens, as well as the values for bending strength and static modulus of
elasticity obtained through the mechanical (destructive) tests. The bending strength, axial
compression strength and tension parallel to grain varied along the tree trunk, although not
significantly. Considering all the trees in this study, on average, the saturated specimens
showed a reduction in bending strength of between 15% and 31%, compared to the bending
strength values in conditioned specimens; between 8% and 27% reduction in the modulus
of elasticity; between 27% and 52% reduction in axial compression strength, and between
7% and 38% reduction in tension parallel to grain.

No previous studies were found on determining mechanical properties in small-
sized specimens in saturated condition, although the properties obtained in conditioned
specimens were taken as a reference for comparison with values reported for the species
studied (Table 5). In the case of the bending strength, lower values were found in Robinia
pseudoacacia L. and in the three Ulmus pumila L. trees. For the Platanus × hybrida Brot. and
Populus alba L. trees, the bending strength, although also lower, was notably similar to that
reported in the literature. The modulus of elasticity in Robinia pseudoacacia L., Platanus ×
hybrida Brot. and the three Ulmus pumila L. trees was lower than that reported for each of
these species, whereas that of Populus alba L. was similar. The axial compression strength in
Platanus × hybrida Brot. and Populus alba L. was similar to that reported, while in the rest of
the specimens it was lower.

The value for tension parallel to grain in the Populus alba L. tree was notably similar
to that reported, while for the rest of the species, no comparative values for this property
were found. It is important to mention that, unlike a tree located in a forest stand, the
urban tree is subject to particular growth conditions that generate certain microscopic and
macroscopic structural modifications. These conditions, including environmental pollution,
soil type, nutrients, available water and temperature, will influence the density of the wood,
which will vary among specimens of the same species as well as within a single specimen,
each variation reflecting differences in the different mechanical properties.
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Table 4. Average velocities (VA), dynamic and static modulus of elasticity (MOED), bending strength, compression, and tension in conditioned and saturated
specimens.

Species Specimens n

Nondestructive Tests Mechanical Tests

Density *
(Kg/m3)

USLab Sylvatest Duo MST fm
(MPa)

MOE
(MPa)

n fc ,0
(MPa)

n ft ,0
(MPa)VA (m/s) MOED (MPa) VA (m/s) MOED (MPa) VA (m/s) MOED (MPa)

Robinia
pseudoacacia L.

Conditioned 21 755 4479 16,023 3794 11,455 3302 8596 89.5 7198 51 49.4 15 63.9
Saturated 43 1054 3899 16,440 3125 10,480 2795 8310 72.0 5712 93 35.4 27 61.8

Platanus × hybrida
Brot.

Conditioned 37 617 4786 14,304 3933 9650 3445 7405 74.9 4867 54 35.3 23 73.1
Saturated 71 1114 3475 13,555 2964 9827 2761 8543 61.4 4671 102 23.9 53 54.3

Ulmus pumila L. 1 Conditioned 41 582 4604 12,772 3744 8429 3308 6551 57.6 3882 56 29.5 24 57.5
Saturated 77 1067 3221 10,896 2675 7501 2482 6440 45.2 3460 90 15.4 62 37.6

Ulmus pumila L. 2 Conditioned 43 516 4457 10,477 3729 7310 3348 5857 47.1 4067 43 25.5 21 42.8
Saturated 77 1087 2927 9314 2473 6627 2311 5768 32.1 2899 85 12.1 47 27.1

Ulmus pumila L. 3 Conditioned 33 604 4663 12,889 3998 9480 3558 7475 63.8 4849 45 29.6 18 68.7
Saturated 71 1115 3424 12,736 2852 8825 2611 7396 49.5 3906 82 16.7 37 46.8

Populus alba L. Conditioned 56 457 5932 16,468 4773 10,662 4044 7637 60.2 5252 39 36.3 18 60.3
Saturated 145 1017 3955 14,873 3296 10,331 2880 7880 46.5 4748 117 20.8 17 45.0

n: specimens tested; * In conditioned specimens density at 12% moisture content and in saturated specimens green density.
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Table 5. Reported values for normal density, bending strength, modulus of elasticity, compression,
and tension parallel to grain.

Species Normal Density
(Kg/m3)

fm
(MPa)

MOE
(MPa)

fc,0
(MPa)

ft,0
(MPa) Sourse

Robinia pseudoacacia L. 770 133.4 11,082 74.5 *** [33]
Platanus x hybrida Brot. 577 79.4 *** 33.0 *** [33]

Ulmus pumila L. 639 * 112.3 * 10,591 * 39.5 * *** [33]
Populus alba L. 530 71.6 5639 ** 36.6 61.3 [33,34]

* Reported values for genus Ulmus spp. without specifying the species. ** Reported value for poplar clone.
*** None reported.

3.4. Relationship between Dynamic and Static Modulus of Elasticity in Specimens

There are a multitude of studies, particularly with regard to structural wood, which
address the relationship between velocity of propagation of ultrasound or stress waves in
the longitudinal direction and the mechanical properties [32,35–41]. These studies have
reported good coefficients of determination, reaching values as high as 0.98, in samples free of
defects [42]. The relationship between nondestructive estimators and mechanical properties
of wood is usually high, the wave transmission velocity or, better still, the dynamic modulus
of elasticity, being good estimators of the static modulus of elasticity and the strength of
the wood [24]. For the different specimens studied, a significant relationship was observed,
both for the bending strength ( fm) and for the static modulus of elasticity (MOE), the latter
having a greater correlation with the dynamic modulus of elasticity (MOED). Figure 8
shows the relationship between MOED and MOE that was obtained using each device with
conditioned specimens of Platanus × hybrida Brot., the relationship between MOED and fm in
conditioned specimens, the relationship between MOED and MOE in saturated specimens,
and the relationship between MOED and fm in saturated specimens.
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As can be seen in Table 6, the determination coefficient values for Robinia pseudoacacia
L. were higher than those for the rest of the species, both in conditioned and saturated
specimens, which could be related to the higher density of its wood compared to the
rest of the species. Similarly, taking into account all the specimens, better determination
coefficients were found when relating the dynamic modulus of elasticity with the static
modulus of elasticity.

Table 6. Determination coefficients values between dynamic modulus of elasticity (MOED) and static
modulus of elasticity (MOE), and determination coefficients values between MOED and bending
strength ( fm).

Tree Specimens

Determination Coefficients (R2)

MOED-MOE MOED-fm

USLab Sylvatest Duo MST USLab Sylvatest Duo MST

Robinia pseudoacacia L. Conditioned 0.97 0.98 0.97 0.93 0.94 0.95
Saturated 0.94 0.95 0.93 0.90 0.91 0.90

Platanus × hybrida Brot Conditioned 0.74 0.76 0.80 0.85 0.72 0.79
Saturated 0.62 0.66 0.68 0.57 0.53 0.55

Ulmus pumila L. 1 Conditioned 0.74 0.77 0.77 0.68 0.69 0.67
Saturated 0.76 0.77 0.71 0.73 0.74 0.70

Ulmus pumila L. 2 Conditioned 0.94 0.95 0.95 0.77 0.78 0.82
Saturated 0.75 0.77 0.79 0.70 0.75 0.77

Ulmus pumila L. 3 Conditioned 0.76 0.75 0.73 0.72 0.72 0.71
Saturated 0.61 0.64 0.51 0.53 0.54 0.48

Populus alba L. Conditioned 0.74 0.75 0.77 0.58 0.63 0.65
Saturated 0.60 0.63 0.56 0.47 0.51 0.38

In general, for all trees studied, the conditioned specimens presented higher coefficient
of determination values than those for saturated specimens, reflecting the influence of the
moisture content. As regards other factors in addition to the moisture content that directly
affect the mechanical properties, the presence of certain defects (knots) and deviations of
the fiber implies a decrease in strength [43]. The wood of Ulmus pumila L. had a lot of small
knots that were unavoidable when preparing the specimens; hence their presence could be
a relevant factor affecting the values for modulus of elasticity and strength. Fiber deviation,
as such, was not an object of the present study. The influence of the aforementioned factors
has previously been reported in several studies, especially for sawn wood [27,29,30,44–48].

3.5. Relationship of Mechanical Properties in Specimens and Indirect MOED in Standing Trees

Linear regressions were performed between the mechanical properties obtained in the
saturated specimens and the indirect velocities of the standing tree (dynamic modulus of
elasticity) using the different devices (Table 7). For this purpose, the indirect velocities of the
areas from which the specimens were obtained were used. The determination coefficient
values found are shown below.

For some of the models described in the Table 7, since the p-value in the ANOVA
table was less than 0.05, a statistically significant relationship exists between the different
mechanical properties and the dynamic modulus of elasticity obtained from the velocities
determined in the standing trees, with a confidence level of 95%. Regarding the relation-
ships between the MOED and the compressive strength values, no significant relationship
was found between the two variables, nor were good determination coefficients identified,
hence they are not shown in the abovementioned table, except in case of Ulmus pumila L. 3,
for which an R2 = 68% was found using USLab, R2 = 54% using Sylvatest Duo and R2 = 69%
with MST.
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Table 7. Linear regressions between mechanical properties in saturated specimens and indirect
MOED in standing trees.

Tree Equipment Model R2 (%) p-Value

Robinia pseudoacacia L.

USLab
fm = 54.102 + 0.002 × MOED , st, i, uslab 86.7 0.002

MOE = 3356.9 + 0.2479 × MOED , st, i, uslab 92.6 0.000
ft,0 = 6.136 + 0.0062 × MOED , st, i, uslab 82.2 0.012

Sylvatest
fm = 50.727 + 0.0028 × MOED , st, i, sylva 74.8 0.011

MOE = 2927.4 + 0.3564 × MOED , st, i, sylva 80.2 0.006
ft,0 = −32.169 + 0.0105 × MOED , st, i, sylva 74.9 0.025

MST
fm = 48.738 + 0.0041 × MOED , st, i, mst 62.2 0.035

MOE = 2489.2 + 0.5508 × MOED , st, i, mst 74.5 0.012
ft,0 = −25.527 + 0.0138 × MOED , st, i mst 85.5 0.008

Platanus × hybrida Brot.

USLab
fm = 37.477 + 0.0022 × MOED , st, i, uslab 82.5 0.004

MOE = 3196.48 + 0.1487 × MOED , st, i, uslab 58.6 0.044
ft,0 = 4.0181 + 0.0048 × MOED , st, i, uslab 61.0 0.060

Sylvatest
fm = 45.839 + 0.002 × MOED , st, i, sylva 93.2 0.000

MOE = 3722.2 + 0.1369 × MOED , st, i, sylva 74.0 0.012
ft,0 = 22.208 + 0.0043 × MOED , st, i, sylva 56.1 0.080

MST
fm = 23.071 + 0.007 × MOED , st, i, mst 83.7 0.003

MOE = 1591 + 0.5845 × MOED , st, i, mst 90.9 0.000
ft,0 = 4.9387 + 0.0093 × MOED , st, i, mst 38.2 0.190

Ulmus pumila L. 1

USLab
fm = 52.355 − 0.0246 × MOED , st, i, uslab 45.2 0.090

MOE = 3902.8 − 1.4019 × MOED , st, i, uslab 29.5 0.207
ft,0 = 38.663 − 0.0152 × MOED , st, i, uslab 70.0 0.018

Sylvatest
fm = 55.186 − 0.0078 × MOED , st, i, sylva 87.9 0.005

MOE = 4268.8 − 0.6178 × MOED , st, i, sylva 61.5 0.060
ft,0 = 27.91 + 0.0056 × MOED , st, i, sylva 56.1 0.080

MST
fm = −10.521 + 0.0134 × MOED , st, i, mst 70.9 0.035

MOE = −635, 61 + 0.9964 × MOED , st, i, mst 94.6 0.001
ft,0 = 7.885 + 0.0068 × MOED , st, i, mst 52.6 0.102

Ulmus pumila L. 2

USLab
fm = 16.683 − 0.0032 × MOED , st, i, uslab 70.2 0.009

MOE = 1893.5 + 0.2139 × MOED , st, i, uslab 56.3 0.031
ft,0 = 11.629 − 0.0027 × MOED , st, i, uslab 85.1 0.001

Sylvatest
fm = 26.282 − 0.003 × MOED , st, i, sylva 40.7 0.172

MOE = 2303.7 + 0.2864 × MOED , st, i sylva 59.8 0.071
ft,0 = 21.881 + 0.0018 × MOED , st, i, sylva 32.6 0.231

MST
fm = −111.709 + 0.0119 × MOED , st, i, mst 69.0 0.040

MOE = −34.032 + 0.7997 × MOED , st, i, mst 59.1 0.073
ft,0 = −11.491 + 0.0102 × MOED , st, i mst 71.2 0.034

Ulmus pumila L. 3

USLab
fm = 59.082 − 0.0016 × MOED , st, i, uslab 40.1 0.126

MOE = 4819.5 − 0.1311 × MOED , st, i uslab 65.3 0.027
ft,0 = 69.146 − 0.0029 × MOED , st, i, uslab 50.7 0.112

Sylvatest
fm = 65.33 − 0.0025 × MOED , st, i, sylva 24.2 0.260

MOE = 5962.7 − 0.3267 × MOED , st, i, sylva 52.7 0.102
ft,0 = 78.449 − 0.0045 × MOED , st, i, sylva 67.7 0.087

MST
fm = 19.73 + 0.0089 × MOED , st, i, mst 59.2 0.043

MOE = −188.38 + 1.3374 × MOED , st, i, mst 61.5 0.065
ft,0 = 28.274 + 0.005 × MOED , st, i, mst 21.6 0.350

Populus alba L.

USLab
fm = 28.466 + 0.0017 × MOED , lg, i, uslab 68.3 0.021

MOE = 3650.5 + 0.1016 × MOED , lg, i, uslab 77.9 0.008
ft,0 = 1.9365 + 0.0042 × MOED , lg, i, uslab 73.7 0.013

Sylvatest
fm = 34.697 + 0.0047 × MOED , lg, i, mst 71.1 0.034

MOE = 4057.6 + 0.234 × MOED , lg, i, mst 68.7 0.041
ft,0 = 22.845 + 0.0087 × MOED , lg, i, mst 24.3 0.150

MOED , st, i = indirect MOED in standing tree; MOED , lg, i = indirect MOED in log.

4. Conclusions

Statistically significant coefficients of determination were found between the mechani-
cal properties determined in saturated specimens and the dynamic modulus of elasticity
determined from the indirect velocities measured in the standing tree. For reasons un-
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related to this study, it was not possible to study a larger number of specimens of the
same species or trees with similar conditions (healthy or deteriorated trees, leaning or
straight, same diameter and/or height, etc.). Therefore, as a future line of research, it is
proposed that the number of trees included in the study be increased, considering the
characteristics mentioned. However, it is also important to consider that, when it comes to
urban tree specimens, even if they are of the same species, they can be much more diverse
and heterogeneous than specimens growing in a forest stand.

Various studies have shown that the use of nondestructive methods provides a useful
tool with which to estimate and evaluate the mechanical properties of a standing tree.
Acoustics methods cannot be used for absolute determination of the dynamic modulus of
elasticity but are only suitable for relative determination of mechanical properties. However,
based on the experience of this study, it is important to highlight that when the species
has a very thick bark, as was the case of Ulmus pumila L. (2–3 cm of bark), it can be very
complicated to carry out measurements using ultrasound equipment, since the sensors
must be perfectly coupled with the wood and placed correctly at 45◦, which involved
removing a large part of the bark at the measurement points. In practice, this could lead to
the use of these methods being questioned, given the negative aesthetic effect on the tree.
Moreover, it would be necessary to determine whether or not this bark removal would
provide an entry route for pests or diseases that could affect the health of the tree.
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