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Abstract
Ring shake is a widespread phenomenon affecting a great number of species of both softwood and hardwood and is found 
in trees grown in temperate and tropical climates. Chestnut (Castanea sativa Mill.) represents one of the most important 
hardwood timbers that is very often affected by ring shake. This defect seems to be the only real limit to the spread and 
use of chestnut wood worldwide on a scale closer to the availability of this wood. The aim of this study was to examine the 
potential of tomographic measurement as a non-destructive method for predicting the possibility of the presence of ring 
shake in standing chestnut trees. For this reason, the experiments were carried out in a chestnut coppice stand where one 
hundred chestnut standards were monitored using an acoustic tomographic device, and subsequently harvested by a local 
company and cross-sectioned corresponding to the acoustic tests. This work proposed an applied approach to predicting 
and determining wood quality (sound wood vs. defective wood) from tomographic data. The model, based on a non-linear 
approach, showed that sonic tomography can identify ring shake in a tree trunk without affecting its biological activity, 
overcoming the difficulties of predicting ring shake using only visual inspection.

1  Introduction

Several technologies were introduced in the early twentieth 
century in Europe and North America to assess wood qual-
ity in standing trees in response to the numerous requests by 
wood products manufacturers and forest managers world-
wide. A significant effort has been devoted to developing 
robust non-destructive technologies (NDT) that are capable 
of predicting the intrinsic wood properties of individual trees 
and assessing wood quality at the stand and forest scale. 
Wood quality can be assessed by several techniques, such as 
the use of penetrometers and drilling resistometers, acous-
tic methods and imaging (Pellerin and Ross 2002). Drill-
ing resistance measurement is a semi-destructive method 
commonly used for wood defect detection where a thin 
steel probe penetrates into the wood. Low resistance in a 
resistance profile typically indicates decay, cavities, or large 

internal cracks (Wu et al. 2018), but one problem with this 
technique is that the results are restricted to a single perfo-
ration, with no scanning of the cross-section. The acoustic 
method is based on the observation of stress wave propaga-
tion. In general, stress waves travel faster in high-quality 
wood than in deteriorated and low-quality wood (Divos and 
Szalai 2002; Wang et al. 2007). Based on this fundamental 
conclusion and signal acquisition of stress wave propaga-
tion velocity in wood cross-sections, the horizontal distri-
bution of the stress wave velocity in wood can be analysed 
(Fang et al. 2011; Li et al. 2014; Du et al. 2018). A typi-
cal approach for measuring wave propagation velocity in 
standing trees involves inserting two sensor probes into the 
sapwood and introducing stress wave energy into the tree 
trunk from a point source through a hammer impact (Proto 
et al. 2017). This procedure is referred to as a single-path 
stress wave timing measurement, and the stress wave veloc-
ity obtained suggests the physical condition of the tree. An 
important limitation of this method, as reported by Wang 
et al. (2005), is the absence of a standard reference veloc-
ity for data interpretation for each tree. A single-path stress 
wave measurement can only detect internal decay that is 
above 20% of the total cross-section area (Wang et al. 2007). 
To remedy the several limitations of single-path stress wave 
timing tools and to define the extent and location of any 
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internal decay, sonic tomography has been introduced, and 
its applicability to standing trees has been evaluated posi-
tively. Acoustic tomography technology simultaneously 
uses multiple sensors that function both as signal emitters 
and receivers, evenly distributed around the cross-section 
of the tree trunk, to measure the variation in acoustic trans-
mission speeds in multiple directions. Computer projection 
software then uses the acoustic wave data matrix to create 
an image (a tomogram) of the acoustic wave velocity for 
the cross-section of the tree (Wu et al. 2018). The use of 
acoustic tomography technology is beneficial for appropriate 
tree management in urban communities; in fact, an acoustic 
tomographic device permits the acquisition of data from the 
inner part of the trees, and the tomograms allow the deter-
mination of the stability of the trees to minimize the risk of 
tree failure. Numerous previous studies have determined, 
using this tomograph method, different types of structural 
defects, such as heartwood and sapwood decay, internal and 
lateral cracks, ring shake and hollows in urban trees (Bucur 
2003; Nicolotti et al. 2003; Deflorio et al. 2008; Lin et al. 
2008; Feng et al. 2014; Rinn 2015). Ostrovský et al. (2017) 
demonstrated that tomograms were 83% accurate for the 
determination of area and location of defects in the labora-
tory using green sample discs from extensively damaged 
trees in an urban environment. Several years after its use 
became widespread in urban forestry, some researchers have 
turned this NDT technique from urban forestry to the wood 
products industry for determining wood properties; however, 
the potential of this technology for assessing the quality of 
high-value hardwood trees in production forests has not been 
fully investigated (Wang et al. 2005).

Ring shake is a widespread phenomenon affecting a great 
number of species. In chestnut (Castanea sativa Mill.), in 
fact, ring shake seems to be the only real limit to the spread 
and use of chestnut wood worldwide, on a scale closer to 
the availability of this wood in the countries of the Mediter-
ranean basin (Macchioni and Pividori 1996). The study of 
the internal state of this species has a long tradition in Italy 
and throughout Europe due to the high economic value of 
its wood products. It is one of the most important forest tree 
species; it grows commonly in hilly and mountainous areas, 
where it is primarily used as timber in construction and fur-
niture. Ring shake defect is a type of wood crack that devel-
ops as a circular failure on the tangential plane in the ligne-
ous tissue along the annual growth ring in standing trees 
(Owen and Wilcox 1982; Chanson et al. 1989). Many studies 
(Bourgeois 1992; Macchioni and Pividori 1996; Fonti et al. 
2002a, b; Becagli et al. 2002–2004; Spina and Romagnoli 
2010) have focused on describing the anatomical features 
of the ring shake phenomenon and on the possible causes 
that determine their occurrence using destructive techniques 
and laboratory analysis. The defect of ring shake occurrence 
greatly reduces the value of the timber assortment; in the 

worst cases, the incidence of ring shake is so high that only 
a few logs of a stand can be brought to the sawmill (Fonti 
et al. 2002a). In fact, Chanson et al. (1989) and Fonti et al. 
(2002b) reported the presence of ring shake in 39–60% of 
trees in sample plots observed immediately after felling at 
several locations in France, Italy, Switzerland, and Spain. 
Mutabaruka et al. (2005) carried out a study to assess the 
value of external tree characteristics in predicting ring shake. 
The study by Birbilis et al. (2018), in accordance with that of 
Romagnoli and Spina (2013), has shown that it is possible, 
based on the age and diameter of the trees, to successfully 
predict the presence of ring shake. Mariño et al. (2010) have 
reported on detecting pith location in chestnut lumber by 
non-destructive evaluation in laboratory tests using a differ-
ent tomographic device, while Dündar et al. (2016) exam-
ined the potential of ultrasonic velocity as a rapid and non-
destructive method for predicting the dimensional stability 
of the chestnut specimens commonly used in the flooring 
industry. Opinions diverge on whether ring shake is already 
present in standing trees, with several authors believing that 
it might be present at least in standing trees or in green wood 
discs (Bonenfant 1985; Leban 1985; Cielo 1988; Chanson 
et al. 1989; Fonti 1997). Giudici et al. (1998) used ultrasonic 
measurement on stems; Götz and Mattheck (1999) tested 
a fractometer on wood samples taken directly from stand-
ing trees. Fonti et al. (2002a) detected ring shake directly 
on green wood discs in 70% of the entire observed sample, 
while ring shake developed in the remaining 30% during 
the drying process, particularly concentrated in those wood 
discs that were already affected by the defect in their green 
state. Therefore, the purposes of this study were to determine 
the best non-destructive parameters for predicting ring shake 
in standing chestnut trees and the accuracy of the tomo-
graphic techniques.

2 � Materials and methods

2.1 � Study sites and tree samples

The test site was situated in Southern Italy (Calabria 
region), in the municipality of Cardinale in the Serre Mas-
sif. In Calabria, chestnut occupies 101,600 hectares, 21.1% 
of the regional woodland surface, divided into high forests 
(47.3%) and pure coppices (52.7%). The majority of chestnut 
orchards (88.3%) are private property, and the remaining 
11.7% are under public ownership. The study area covers 
a total of 15 hectares with an altitude ranging from 610 to 
780 m. The climate is temperate, with an annual mean tem-
perature of approximately 13.5 °C, and the annual rainfall 
is 930 mm unevenly distributed through the year, with the 
minimum precipitation occurring in the summer. The study 
site was coppiced with first-class standards derived from 
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coppice shoots growing from the previous cut. The shoots 
were approximately 14 years old, whereas the standards were 
28 (II cycle) and 42 (III cycle) years old. The breast height 
(DBH) was measured using a classic diameter calliper, and 
tree height was measured with a vertex IV hypsometer. 
Based on these measurements, one hundred chestnut stand-
ards of the III cycle with regular cross-sections (cylindrical 
body) were selected, and each tree was marked with a red 
plastic tag and assigned a tracking number for conducting 
the tomographic study and for the subsequent felling phase 
(Fig. 1a, b). The choice of this population was dictated not 
only by their favourable characteristics for production silvi-
culture but also by the assured presence of ring shake in the 
trees, identified through inquiries among local foresters. The 
main characteristics of the study sites are shown in Table 1.

2.2 � Field acoustic tomography test and laboratory 
measurements

All 100 standards were first non-destructively tested using 
a commercial ArborSonic 3D acoustic tomograph device 
(Fakopp Enterprise Ltd., Hungary) and the sample trees 
were monitored at a height of approximately 50 cm above 
the ground (Macchioni and Pividori 1996; Spina and 
Romagnoli 2010). The sampling height was chosen because 
it is the most susceptible to ring shake defects. At this height, 
the circumference was measured by an operator using a tape 
measure; this data was inserted in the software (ArborSon-
ic3D software, ver. 6.2.), which calculated the positions of 
the sensors that were used to map the approximate geomet-
ric form of the cross-section. The tests were performed in 
accordance with the manufacturer’s (Fakopp Enterprise Ltd. 
2019) and software’s instructions and these test procedures 
are explained in many similar papers (Deflorio et al. 2008; 
Johnstone et al. 2010; Alves et al. 2015; Ostrovský et al. 
2017; Marra et al. 2018; Trenyik et al. 2018). Eight sensors 
were used for each tree and the travel times (in µs) generated 
from each sensor were captured by the other sensors. Every 
measurement was repeated three times on each sensor (rep-
etitions) in order to obtain averaged travel times to reduce 
uncertainties from individual testing. After using the last 

sensor as a transmitter, the recording stopped, the measure-
ment was saved and the software, applying a filtered back 
projection evaluation (Buza and Göncz 2015), constructed 
the two-dimensional tomographic image adapting to the 
anisotropy condition (Maurer et al. 2006; Dikrallah et al. 
2010). The velocity of wave movement was automatically 
calculated based on the time registered for the passage of the 
impulse between sensors. The tomograms in the software 
displayed the relative sound transmission speeds on a four-
colour discrete scale, and the operator associated different 
speeds with different colours. The colour of the lines from 
every sending to every receiving sensor visualizes the virtual 
speed: green means the stress wave travelled fast. Yellow, 
red and purple lines indicate that the waves circumvented the 
defect and did not travel straight through it. During testing, 
each sensor position was marked so that the original location 
in the stem disc could be traced in order to assess the condi-
tion of the wood at the area of sampling. The tomographic 
acquisitions lasted 5 consecutive days (June 2016) to guar-
antee similar environmental conditions.

After the acoustic measurements had been taken, the 
100 trees were subsequently harvested by a local company 
and cross-sectioned corresponding to the acoustic tests. A 
5-cm thick disc was collected from each stem (Fig. 1c) and 
taken to a laboratory where the physical characterization 
(ISO 3130, 3131, 4469, 4858) was performed. The physical 

Fig. 1   In situ acoustic tomog-
raphy test on a standing tree (a) 
and successive harvesting phase 
(b) and collection of a wood 
disc (c)

Table 1   Study area characteristics and dendrometric parameters

Parameters Unit measure Value

Altitude—range a.s.l m 610–680
Slope—range % 15–20
Average basal area for tree m2 0.102
Average basal area for hectare m2 ha−1 26.14
Volume for hectare m3 ha−1 214.15
Coppice shoots diameter cm 20.12
Standard diameter cm 33.03
Number of stump n ha−1 370
Shoots—number of trees n ha−1 1720
Standards—number of trees n ha−1 65
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characteristics were determined to compare the physical 
properties of trees affected by ring shake and those that are 
not (shaken trees and healthy trees). In particular, the fol-
lowing parameters were measured: density at 12% moisture 
content (ρ12); basic density (ρy), which is the ratio between 
the oven-dried weight and green volume; total shrinkage 
(radial (βr), tangential (βt), and volumetric (βv) shrinkage) 
coefficients measured from the maximum water content to 
oven-dried moisture content. The data were processed to 
align the propagation velocity data with the corresponding 
region, either healthy or defective. Each wood disc was sub-
divided into four regions (A, B, C and D), or quadrants like 
a Cartesian plane, where 1 ↔ 5 and 3 ↔ 7 paths represented 
x-axis and y-axis respectively, using the same orientation as 
for the installation of the tomographic sensors to permit the 
correct localization of the defects on the reciprocal paths. 
The presence of ring shake was evaluated with a visual 
inspection in laboratory identifying the critical year (ring 
position), and the extent was measured on the wood discs as 
the ratio between the arc of the circle of the shake and the 
corresponding total circumference (Spina and Romagnoli 
2010). At the end, its location on the wood disc was used to 
overlay the paths generated by tomography.

2.3 � Data analysis

Acoustic reconstruction based on the transmission velocity 
of a stress wave can be performed in different ways depend-
ing on the type of defect. For this reason, in this study, the 
velocity of the acoustic wave transmission measured from 
each chestnut tree was studied and used to predict the pres-
ence of ring shake with respect to the typical application of 
two-dimensional tomograms to detecting cavities or decay. 
The proposed methodology aims to find a velocity refer-
ence value to detect the defective region considering the 
relationship between stress wave velocity and its propaga-
tion direction, with the assumption that the tree has a regu-
lar cross-section (Li et al. 2014; Rinn 2015; Espinosa et al. 
2017). The acoustic velocities obtained from different angles 
(± 67.5°; 45°, 22.5° and 0°) were compared, and the ratio 
between the tangential velocity and the radial velocity was 
analysed. In particular, the orientation angle represented the 
position of the receiver point relative to the source point, 
with θ = 0 representing the velocity in the radial direction, 
i.e., the angle between an emitter sensor and the diametri-
cally placed receiver sensor. A total of 2800 paths, excluding 
repeated data, were registered, and the comparison between 
the paths of stress wave measurements on one cross-section 
(sound wood vs. defective wood) was applied. Using the 
tomographic technique, a complete data matrix was obtained 
through the measurement of stress wave transmission time 
with the aim of intercepting the localization of ring shake 

using the intersection of the paths generated simultaneously 
during the test.

2.4 � Statistical approach

The statistical analyses were based on an artificial intelli-
gence approach. The analysis was performed on the matrix 
composed of 2 sets of variables for the 100 samples. The 
first was composed of mean velocity, and the second was 
composed of Vt/Vr values. Both datasets represent values 
at 0°, ± 22.5°, ± 45°, and ± 67.5°. Both datasets include tree 
circumference and diameter and wood density values. The 
Vt/Vr dataset does not include 0° values reporting equal val-
ues for all the samples. The models were developed using a 
non-linear classification Artificial Neural Network (ANN) 
approach. The ANN was developed based on an input layer 
(x-block) to estimate the binary output layer (sound wood 
vs. defective wood; y-block). In detail, the eight average 
velocities of wave movement, having the same propagation 
direction (i.e. 1 → 2, 2 → 3, 3 → 4, etc.), were copied from 
the ArborSonic3D software to a MS Excel spreadsheet and 
in each row, the Vt/Vr values were calculated as the ratio 
between the tangential velocities (+ 67.5°, ± 45° and ± 22.5°) 
and the radial velocity (source point 0°). This operation was 
repeated for each tree monitored and separated between 
sound wood and defective wood. The ANN model was 
developed using a probabilistic neural network (PNN). PNN 
is a feedforward neural network that is widely used in clas-
sification and pattern recognition (Specht 1990). In the PNN 
algorithm, the parent probability distribution function (PDF) 
of each class is approximated by a Parzen window and a 
non-parametric function (Specht 1990). Then, using the PDF 
of each class, the class probability of a new input data is esti-
mated, and Bayes’ rule is then employed to allocate the class 
with the highest posterior probability to the new input data. 
Using this method, the probability of misclassification is 
minimized (Zeinali and Story 2017). This type of ANN was 
derived from a Bayesian network (Friedman et al. 1997) and 
a statistical algorithm called kernel Fisher discriminant anal-
ysis (Cheung and Cannons 2003). In a PNN, the operations 
are organized into a multi-layered feedforward network with 
four layers: the input layer, in which each neuron represents 
a predictor variable; the pattern layer, which contains one 
neuron for each case in the training data set; the summation 
layer, which contains one pattern neuron for each category 
of the target variable; and the output layer, which compares 
the weighted votes for each target category accumulated in 
the pattern layer and uses the largest vote to predict the tar-
get category. The PNN was trained with a back-propagation 
learning algorithm. From the 100 observations, to avoid 
overfitting, only 75 samples (75%) were used to construct 
the models. The remaining 25 samples (25%) were then used 
to test the performance of the models (internal test). The 
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partitioning of the two datasets was optimally chosen with 
Euclidean distances, based on the algorithm developed by 
Kennard and Stone (1969), which selects objects without a 
priori knowledge of a regression model (i.e., the hypothesis 
is that a flat distribution of the data is preferable for a regres-
sion model). The training of the ANN was carried out using 
a learning equal to 0.5 and a momentum equal to 0.1. The 
training procedure was repeated 1,000,000 times, and the 
best-performing PNN was selected based on the independ-
ent test set. The percentages of correct classification on the 
model and the test sub-sets were reported. A variable impact 
neural network analysis was performed to assess the relative 
importance of each variable (Abdou et al. 2012). Opera-
tively, this index is similar to the linear regression variable 
importance in the projection (VIP) scores (Chong and Jun 
2005; Febbi et al. 2015). The ANN analysis was performed 
using Palisade Neural Tools 7.6.

3 � Results

After cutting the stem disc with a chainsaw, in several cross-
sections, some ring shake decay, visually invisible on the 
external surface of the trees, was observed from the visual 
inspection only after a few weeks, in the laboratory, showing 
the typical aspect. Of the 100 trees examined, 61 standards 
were affected by ring shake, and only 39 were intact. The 
laboratory measurements described in Table 2 show several 
of the monitored characteristics of chestnut wood. The mean 
and standard deviation (SD) values confirm that the physical 
properties and density were high in healthy trees, whereas 
shrinkage values were low in shaken trees. In particular, the 
values of radial, tangential, and volumetric shrinkage of the 
shaken trunks were different from those of the healthy trees.

The results separated and catalogued the paths derived 
from sound and defective wood to evaluate the comportment 
of the stress wave in detail. The mean, standard deviation, 
and range of the acoustic velocity measurements on stand-
ing trees are reported with the different and sequential paths 
generated by the eight sensors on sound wood (Table 3) and 
defective wood (Table 4). The data obtained in sound wood 
confirmed that the velocity in the radial direction Vr (with 
θ = 0°) was the highest, and the velocity in the tangential 
direction Vt (with θ =  ± 67.5°) was the lowest. The aver-
age speed in the radial direction (1944 m s−1) was approxi-
mately 3.2%, 5.8% and 8.7% higher than that for the paths 
generated by angles of 22.5°, 45° and 67.5°, respectively. 
In sound wood, the standard deviation was low in each of 
the 28 paths registered from the 39 trees examined, which 
suggests a strict interval in which the acoustic signal travels 
between two sensors indifferently from various angles.

During the tests conducted on trees affected by ring shake, 
the tomographic software recorded 210 paths indicating slow 
speeds with respect to the others on the same tree cross-
section. On average, each defective tree showed 3–4 slow 
paths, and the majority (96%) was collected with an angle 
of 0° and 22.5°. The high values of the standard deviations 
registered on paths generated (Table 4) with respect to the 
other two tangential directions (45° and 67.5°), confirmed 
the possibility of finding this defect in the radial direction, 
or with a small directional angle between the source point 
and receiver point. The mean of the acoustic velocity meas-
urements registered in these 210 paths were 1403 m s−1, 
1434 m s−1 and 1507 m s−1 for the paths generated by angles 
of 45°, 22.5° and 0°, respectively. The tomograms generated 
from defective wood showed a typical round form with a 
red/yellow area in the centre, which could indicate severe 
heartwood decay damage, but the examination of the disc 
conducted in the laboratory showed that the defect was ring 
shake, not heartwood decay (Fig. 2). Purple lines, in fact, 
are never shown on tomograms because no trees were hol-
low or deeply damaged. The presence of a red (dark) area 
inside the yellow (light grey) shape, for example tree n. 45, 
indicated a lower speed of transmission with respect to the 
closest angle. In the laboratory, this deterioration was con-
firmed with an accentuated detachment of the annual ring. In 
particular, in the A region, a small ring shake was identified 
with a yellow colour, while in the C region, an additional 
ring shake was located deeper in the tree. In fact, the ring 
shake acted as a barrier that cut off the linear propagation of 
the acoustic waves. As a result of the geometric shape of the 
ring shake (round), the acoustic tomogram produced by the 
software erroneously indicated the presence of heartwood 
decay or internal cracks. Figure 3 shows the paths of stress 
wave measurements (a) before the software generated the 
tomogram and (b) the subsequent superimposition on the 
corresponding cross-section of tree no. 87, where the paths 

Table 2   Physical properties of trees: sound wood (SW) and defective 
(D)

βr radial shrinkage (%), βt tangential shrinkage (%), βa, axial shrink-
age (%), βv, volumetric shrinkage (%), ρ12 density at 12% moisture 
content (kg/m3), ρy basic density (kg/m3)

Property Tree type Mean SD N

βr SW
D

3.29
3.15

0.84
0.76

39
61

βt SW
D

6.93
6.45

0.82
0.78

39
61

βa SW
D

0.42
0.37

0.36
0.47

39
61

βv SW
D

10.41
10.24

1.29
0.98

39
61

ρ12 SW
D

601.79
597.21

51.15
43.18

39
61

ρy SW
D

509.64
501.29

41.24
37.81

39
61
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7 ↔ 2, 7 ↔ 3, 7 ↔ 4, and 8 ↔ 5 in the C region intercepted 
the ring shake. In the laboratory, the location and extent of 
ring shake on defected trees were measured and reported in 
Table 5. In particular, in this table, the exact position (region 
and annual ring) of the defect was correlated with the cor-
responding paths (speed, direction and angle) to demonstrate 
the accuracy of model predictions. For example, in the case 

of tree no. 49, a major arc of circumference generated by 
ring shake intercepted more slow paths. For this reason, the 
study involved a complete examination of the paths and their 
interactions between the sensors, and the statistical analysis 
conducted with two sets of variables confirmed the necessity 
of evaluating an accurate travel time reading for each path. 
The results used in the construction of an applicative model 

Table 3   Acoustic velocity data of sound wood

Standard deviations are given in parentheses

Paths 67.5° Paths 45° Paths 22.5° Paths 0°

Speed m s−1 Speed m s−1 Speed m s−1 Speed m s−1

Way Min Max Mean (σ) Way Min Max Mean (σ) Way Min Max Mean (σ) Way Min Max Mean (σ)

1 ↔ 2 1599 1946 1796 (± 67) 1 ↔ 3 1687 2039 1844
(± 74)

1 ↔ 4 1711 2058 1883
(± 73)

1 ↔ 5 1727 2095 1936 (± 77)

2 ↔ 3 1572 1878 1769
(± 84)

2 ↔ 4 1664 1972 1814
(± 75)

2 ↔ 5 1680 2012 1855 (± 86) 2 ↔ 6 1735 2069 1931 (± 78)

3 ↔ 4 1579 1897 1774
(± 74)

3 ↔ 5 1622 2017 1838
(± 92)

3 ↔ 6 1723 2024 1884 (± 74) 3 ↔ 7 1737 2079 1942 (± 75)

4 ↔ 5 1580 1933 1765
(± 87)

4 ↔ 6 1612 1961 1830
(± 78)

4 ↔ 7 1754 2043 1884 (± 71) 4 ↔ 8 1798 2113 1964 (± 69)

5 ↔ 6 1616 1945 1764
(± 74)

5 ↔ 7 1678 1956 1812
(± 69)

5 ↔ 8 1699 2032 1883 (± 68)

6 ↔ 7 1553 1893 1769
(± 95)

6 ↔ 8 1674 1988 1848
(± 75)

6 ↔ 1 1587 2034 1860 (± 98)

7 ↔ 8 1620 1894 1783
(± 72)

7 ↔ 1 1699 1982 1822
(± 69)

7 ↔ 2 1765 2026 1891
(± 72)

8 ↔ 1 1611 1931 1773
(± 65)

8 ↔ 2 1643 1964 1836
(± 70)

8 ↔ 3 1724 2045 1908 (± 84)

Table 4   Acoustic velocity data of defective wood

Standard deviations are given in parentheses

Paths 67.5° Paths 45° Paths 22.5° Paths 0°

Speed m s−1 Speed m s−1 Speed m s−1 Speed m s−1

Way Min Max Mean (σ) Way Min Max Mean (σ) Way Min Max Mean (σ) Way Min Max Mean (σ)

1 ↔ 2 1742 2046 1862 (± 51) 1 ↔ 3 1420 2066 1889
(± 126)

1 ↔ 4 1325 2021 1809
(± 249)

1 ↔ 5 1416 2222 1976 (± 223)

2 ↔ 3 1761 1991 1874
(± 46)

2 ↔ 4 1509 2072 1920
(± 71)

2 ↔ 5 1328 2105 1803 (± 244) 2 ↔ 6 1354 2194 1806 (± 295)

3 ↔ 4 1806 1983 1865
(± 40)

3 ↔ 5 1485 2211 1927
(± 80)

3 ↔ 6 1345 2250 1834 (± 233) 3 ↔ 7 1411 2207 1883 (± 270)

4 ↔ 5 1789 2073 1870
(± 47)

4 ↔ 6 1851 2570 1945
(± 89)

4 ↔ 7 1382 2087 1857 (± 197) 4 ↔ 8 1327 2194 1860 (± 285)

5 ↔ 6 1782 2065 1874
(± 49)

5 ↔ 7 1861 1995 1929
(± 32)

5 ↔ 8 1327 2104 1867 (± 226)

6 ↔ 7 1799 2197 1873
(± 67)

6 ↔ 8 1891 2113 1950
(± 46)

6 ↔ 1 1364 2224 1818 (± 253)

7 ↔ 8 1721 2138 1876
(± 65)

7 ↔ 1 1374 2190 1902
(± 109)

7 ↔ 2 1321 2069 1790 (± 244)

8 ↔ 1 1798 2051 1875
(± 48)

8 ↔ 2 1457 2097 1924
(± 87)

8 ↔ 3 1367 2239 1823
(± 247)
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used to predict sound wood vs. defective wood from mean 
velocity and Vt/Vr data, are summarized in Table 6. The 
PNN model reported a perfect classification (by percentage 
of correct classification) of all the samples, including those 

in the 25% test set. The relative variable impact (Figs. 4,5), 
which indicated the importance of the different variables 
in the non-linear classification process, showed that in the 
Vt/Vr dataset, the more important variables are the ones 

Fig. 2   Sonic tomographic images of cross-sections in four different sampled chestnuts showing internal defects

Fig. 3   Comparison of the 28 independent paths generated (a), the corresponding sonic tomogram (b) and the superimposed paths on the cross-
section (c)
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at ± 22.5° and ± 67.5°, while in the mean velocity dataset, 
the most important variables are at 0°, ± 67.5°, ± 45°.     

4 � Discussion

This study was designed to evaluate the accuracy of a tomo-
graphic technique on standing chestnut trees, to determine 
the best non-destructive parameters for predicting ring 
shake. In each of the sound wood trees examined, the meas-
ured stress wave transmission times were in good agreement 
with the theoretical analysis of several studies (Watanabe 
and Payton 1997; Payton 2003; Schubert 2007). In fact, the 
correct relationship between the velocity ratio Vt/Vr and the 
angle θ has been statistically shown as a parabolic curve, 
with a coefficient of determination R2 = 0.94, and the coef-
ficients of the second-order polynomial regression were 
a = − 0.0094, b = 0.0754, and c = 0.841 (Fig. 6). To the best 
of the authors’ knowledge, there is no study that evaluates 
NDT techniques for predicting ring shake in standing chest-
nut trees, but several researchers have addressed accurately 
the effective prediction of sonic tomography using simulta-
neous NDT and destructive tests; therefore, comparison of 
the results reported here with those available in the literature 
has been partially difficult. Some studies (Deflorio et al. 
2008; Brazee et al. 2011; Liang and Fu 2012) used acoustic 
tomography and destructive measurements to detect internal 
decay. Recently, Marra et  al. (2018) demonstrated how 
acoustic tomography and electrical resistance tomography, 
used in combination, can be used to non-destructively quan-
tify the extent of internal decay and the associated carbon 
loss. Burcham et al. (2019) estimated the accuracy of sonic 
tomography using colours associated with intermediate 
sonic velocities comparing the destructively measured 

Table 5   Location and extent 
of ring shake on several trees 
sampled

Sample (no.) Diameter (cm) Region Path Angle (°) Speed (m s−1) Extent of the 
defect (%)

Ring 
position 
(years)

86 37 C 1 ↔ 5
5 ↔ 8

0°
22.5°

1434
1329

13 24th

91 41 A 2 ↔ 5
2 ↔ 6
7 ↔ 2

22.5°
0°
22.5°

1425
1354
1321

17 29th

70 38 A, B 2 ↔ 5
3 ↔ 6
3 ↔ 7
8 ↔ 3

22.5°
22.5°
0°
22.5°

1398
1364
1412
1396

19 31th

49 39 A 1 ↔ 3
2 ↔ 5
2 ↔ 6
7 ↔ 2
8 ↔ 3

45°
22.5°
0°
22.5°
22.5°

1420
1453
1461
1417
1449

22 33th

88 40 C 3 ↔ 7
4 ↔ 7

0°
22.5°

1457
1397

14 30th

Table 6   Characteristics and principal results of the PNN model used 
to determine sound wood vs. defective wood samples using mean 
velocity and Vt/Vr datasets

Mean velocity Vt/Vr

No. samples 100 100
No. classes (y-block) 2 2
Mean sensitivity 1 1
Mean specificity 1 1
Efficiency 1 1
Random probability, % 50 50
Mean classification error, % 0 0
Mean % correct classification calibration/vali-

dation set (75%)
100 100

Mean % correct classification test set (25%) 100 100
Mean incorrect probability (test set) 0.00 0.01
Std. deviation of incorrect probability (test 

set)
0.00 0.06

Fig. 4   Relative variable impacts, Vt/Vr
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internal condition of the corresponding cross sections. Start-
ing with the type and characteristics of the defect, the type 
of ring shake identified in this study can be defined as 
“healthy ring shake” because visible anomalies in the wood 
tissue or wounds caused during harvesting or external phe-
nomena were not observed (Chanson et al. 1989; Macchioni 
and Pividori 1996; Fonti et al. 2002a). As opposed to trau-
matic ring shake, healthy ring shake has a mechanical origin 
and may appear, in standing trees (Chang 1972; Ferrand 
1980; Chanson et al. 1989; Cielo 1988; Birbilis et al. 2018), 
with the detachment between cells at the ring boundary 
between the earlywood zone of the annual ring and the late-
wood zone of the previous one in the compound middle 
lamella layer between cells. In this study, the results con-
firmed what Giudici et al. (1998) found in their research: the 
discontinuity created by ring shakes caused slower transmis-
sion speeds observed on damaged trees. In the literature, this 
kind of fracture was often reported as a breakage of vessel 
members and fibre detachment in the area between two 
annual rings in standing trees, or after felling. It is called 
green wood ring shake (Chang 1972; Ferrand 1980; Chanson 
1988; Cielo 1988; Fonti and Macchioni 2003). The 

occurrence of the ring shake defect is not related to a par-
ticular cell type but to the effect of growth stresses imposed 
on the transversal/radial wood plane (Fonti and Frey 2002; 
Fonti and Sell 2003; Fonti and Giudici 2005; Birbilis et al. 
2018). The range of stress velocities in sound wood samples 
was similar to the data obtained by Ostrovský et al. (2017), 
who used the same acoustic tomography technique for wood 
cross-sections on three chestnut trees. On standing trees, to 
the authors’ knowledge, only Li et al. (2014), using a sonic 
tomograph, have determined the velocity patterns in eight 
healthy black cherry trees using the difference in values from 
four other defective trees. For each measure, Li et al. (2014) 
used 12 sensors at three different heights and validated the 
theoretical analysis of the wave velocity paths by applying 
the results obtained. Most studies have reported that sonic 
tomography underestimates the size of decay and overesti-
mates the size of cracks (Gilbert and Smiley 2004; Liang 
et al. 2007; Wang et al. 2007; Deflorio et al. 2008; Liang and 
Fu 2012; Marra et al. 2018; Burcham et al. 2019), and under 
certain circumstances, the tomograms of trees with cracks, 
ring shake or cavities may look similar (Göcke et al. 2008). 
For this reason, Dackermann et al. (2014), Espinosa et al. 
(2017), Qin et al. (2018), and Du et al. (2018) have devel-
oped different methods to improve the accuracy of tomog-
raphy techniques and overcome the overestimation problem. 
Unlike previous studies that evaluated the final accuracy of 
tomograms to reduce the over- and underestimation of the 
damaged area, this study applied the statistical accuracy of 
the Vt/Vr ratio to localize the exact area of the internal 
defect in the tree using the intersection between the different 
speeds of transmission. The high number of samples tested 
guarantees the solidity of the data and the homogeneity of 
the results, returning exactly the values collected on the 
standing trees without any necessary laboratory experimen-
tation. This work proposed an applied approach to predicting 
and determining wood quality applying the ratio Vt/Vr, and 
the model, based on a non-linear approach (Assirelli et al. 
2018), is able to perfectly predict wood quality by returning 
a correct classification of both validation and test sets. In 
particular, this PNN statistical model, tested on the Vt/Vr 
dataset, revealed more important variables necessary to con-
sider before assessing the presence of ring shake. Starting 
from a correct statistical evaluation of the Vt/Vr ratio, the 
technique proposed in this study can be improved with the 
development of a specific application (software or app) capa-
ble of evaluating immediately in the field after the acoustic 
test where wood properties do not limit the use of Vt/Vr 
ratios as a predictor. This approach returns a ready-to-use 
dataset and can optionally be integrated into tomography 
software as second option to use it. The novelty of the 

Fig. 5   Relative variable impacts, mean velocity

Fig. 6   Parabolic curve created by the average velocity ratio (Vt/Vr) 
generated by a measured average of 39 sampled trees
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present approach is based on a statistical model elaborated 
comparing the different propagation directions and analysing 
the velocity of each path. This study has not used a theoreti-
cal velocity model as proposed by Li et al. (2014) but rather 
the intersection between the different velocity patterns iden-
tifying the defect with respect to the healthy area. The use 
of eight sensors, although it required a few more minutes to 
conduct the test, permits the generation of a database able 
to identify defective regions in cross-section tomographic 
images. The use of a single-path stress method, for example, 
would not have allowed to localize the defect in a specific 
area of the cross-section but only to identify a slower path 
with respect to others generated not simultaneously in the 
same cross-section. In fact, the results from the current study 
suggest that destructive sampling may not be necessary to 
confirm the results of the NDT testing as long as the mini-
mum number of sensors, at least eight, is used. The physical 
chestnut wood properties observed in the Calabrian Region 
site were in agreement with the reported mean values for 
chestnut wood in Italy (Nardi Berti 2006; Sarlatto et al. 
2006; Spina and Romagnoli, 2010; Romagnoli and Spina, 
2013) and confirmed that ring-shaken trees show lower 
shrinkage in accordance with several studies (Macchioni 
1995; Romagnoli and Spina, 2013). In accordance with a 
previous study by Birbilis et al. (2018), this research dem-
onstrated that ring shake rarely occurs in juvenile wood and 
usually occurs in adult wood between the 20thand 40th 
growth rings. For this reason, eight sensors generate a suf-
ficient number of paths to intercept ring shake in this loca-
tion; a lower number of sensors applied to this technique 
might not be enough to locate correctly the damaged paths. 
In addition, a smaller number of sensors, for example, 4 or 
6, applied to trees having at least 30 cm of diameter, creates 
a data matrix that is able to detect a defect in a circle with 
minimum detectable defect sizes of 4% and 8%, respectively 
(Divos and Szalai 2002). Considering that ring shake is only 
an arc of a circle, the probability of detecting this defect 
reduces considerably with a lower number of sensors, and 
the image resolution is thus a function of the number of sen-
sors. Another important aspect to be considered is the shape 
of the image that the software produces; in fact, compared 
to other types of decay, ring shake is shown as an irregular 
circle with clearly distinguishable colours.

5 � Conclusion

The objective of this study was to develop a methodologi-
cal approach using a NDT, i.e., conventional sonic tomog-
raphy, based on fast/slow paths to assess the presence of 
ring shake in standing chestnut trees. The results confirmed 
that sonic tomography can identify several defects in a tree 

trunk, including ring shake, without affecting its biologi-
cal activity, overcoming the difficulties of predicting using 
only visual inspection. These technologies can be applied 
directly to standing trees wherever quality chestnut wood has 
to be cultivated for production processes, but experts are still 
needed to perform an accurate diagnosis. This technique can 
represent a very important solution for companies because, 
in a short time, it can detect data from several points of the 
stem and possibly determine which trees are unsuitable for 
harvesting, because there are usually no external symptoms 
indicating this internal defect. In terms of the commercial 
importance of the species in Europe, the research is aimed 
at understanding the factors that cause ring shake in order 
to evaluate new preventive measures to minimize the risk of 
ring shake occurrence (Fonti et al. 2002b), and it would be 
of great value for public organizations and private owners 
to be able to evaluate the impact of ring shake in different 
forest stands in order to ascertain, which sites are likely to 
be most productive and obtain better quality material (Spina 
and Romagnoli 2010). In fact, the evaluation of potentially 
high quality forest trees requires a reliable and valid method 
for determining the correct economic value. Therefore, the 
method developed can be considered as a field method if 
supported by further studies, and this approach can be reli-
able for detecting not only ring shake but different structural 
defect types, too. Further research, using measurements at 
different tree heights or applying diverse tools to imped-
ance tomography or ultrasonic devices, can confirm that 
non-destructive technologies can be used not only in urban 
forestry but also in important wood commercial sectors. In 
the field of NDT technologies, as well as in other fields of 
research, the use of these tools requires extensive experience 
with testing techniques because of the difficulty in inter-
preting the data. Only with an accurate interpretation is it 
possible to effectively translate the tomography data into an 
understanding of the type, location and dimensions of the 
internal defects in standing trees.
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