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Abstract. Stress wave tomography is a noninvasive testing method for diagnosing defects in standing
or cut trees. For this study, the technique was used to diagnose defects on 15 disks of Euphrates
poplar (Poulus euphratica Oliv.) cross-sections. Two-dimensional tomograms were generated and used
to estimate strength loss and assess potential tree stem failures. Results found that stress wave tomograms
can effectively locate decay and void dimensions and that there was a logarithmic significant relationship
(r = 0.9679) between real tomographic defect areas and visual defect areas indicated by the tomograms.
This regression relationship could improve accuracy of hazard assessment in historic trees when using
stress wave tomography. Strength loss was calculated based on Wagener, Coder, and Mattheck’s equa-
tions. These three equations can provide effective internal tree stem weakness assessment. However,
strength loss between tomographic defect areas in cross-sections and real visual defect area had a signif-
icant 0.05 statistical difference. The results of this study provided insight into defect diagnosis and hazard

assessment for trees in China, especially those with historical significance.
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INTRODUCTION

Stability of urban trees is a major concern to
public safety in cities and urban communities.
Tree decay detection has been researched using
stress wave tomography by arborists and wood
scientists around the world (Maurer et al 2002;
Glibert and Smiley 2004; Wang et al 2009). Most
tree stems in China that fall into the historic and
famous category contain decay, hollow areas,
and cracks because of their age. These various
internal defects can result in tree failure and tree
mortality causing significant loss in traditional
historical culture. To protect public safety and
preserve these historic and famous trees, arborists
need advanced nondestructive testing tools to
detect internal defects and assess any potential.
Decay, hollow areas, and cracks in tree stems can
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lead to inner strength loss that ultimately affects
tree stability. It is a big challenge for arborists to
accurately assess potential hazards from historic
trees using stress wave tomography (Allison et al
2008). Stress wave tomography is based on stress
wave transmission in wood and coupled with
computer tomography techniques. It produces
stress-wave-based tomograms that reflect internal
tree stem condition. Tomograms, as a means of
urban tree hazard assessment, have been investi-
gated in recent years (Comino et al 2000; Divos
and Szalai 2002; Wang et al 2005; Fink and
Schwarze 2008). In China, historic trees need
more stress wave tomography research to provide
insight and guidelines for detecting internal
defects and assessing hazard posed by historic
trees.

The objective of this study was to deter-
mine failure risk of Euphrates poplar (Poulus
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euphratica Oliv.) with decay and cavities using
stress wave tomography to estimate strength
loss and resulting potential hazards to property
and people. To accomplish this, strength loss
and assessment equations were discussed, and
a relationship model was developed to calcu-
late defect dimensions with respect to measured
dimensions. Data were then used to quantita-
tively analyze actual tree defect dimensions
(eg, decay, void, hollows, and cracks) using
equations developed by Wagener, Coder, and
Mattheck to assess tree stem hazards according
to tomographic defect areas and real visual
defect areas.

MATERIALS AND METHODS
Disk Samples

Fifteen Euphrates poplar logs were harvested in
Ejna Banner, Inner Mongolia. The trees were
praised as “heroic desert trees” in China. Fifteen
100-mm-thick disks were cut from the logs (diam-
eters of 293, 207, 345, 283, 299, 329, 280, 302,
236, 313, 370, 226, 383, 374, and 283 mm) to
be used as tomogram test samples. All selected
disks exhibited decay or voids. Three healthy
logs (1.5 m long) and five logs with decay or
voids (1.5 m long) were selected to have small
specimens cut from them for measuring density,
modulus of elasticity (MOE), bending strength,
and toughness. The other seven logs could not be
used for making specimens because of severe
decay or large voids.

Tomogram

The disks were tested using an Arbotom acous-
tic tomography tool (Rinntech, Heidelberg, Ger-
many) with 12 sensors for detecting inner
structural defects. In each tomography test, we
used 12 sensors to measure transit times through
multiple paths. All sensors were spaced at 30°
intervals around the periphery, and each position
was pulsed sequentially to generate stress waves
traveling through the wood. The time the stress
wave traveled between 11 sensors was recorded

Figure 1.
periphery with Rinntech Arbotom tomography tool.

Diagram of 12 sensors located around the

and transferred into velocities (Fig 1). A stress
wave two-dimensional tomogram was gener-
ated for each disk using Rinntech Arbotom soft-
ware. Disk moisture content was measured
using a CSA electronic moisture meter (Model
Delta-55; CSA electronic MeB3- und Regelgerite
GmbH, Freiberg, Germany). After laboratory
testing, all disks were photographed for visually
determining and calculating defect areas.

Mechanical Properties of Wood

MOE, bending strength, and toughness were
tested in this study. The test standards for base-
line measurements were as follows: MOE—in
accordance with Method for Determination of
the Modulus of Elasticity in Static Bending of
Wood (Chinese National Standard [CNS]
2009a), bending strength—in accordance with
Method of Testing in Bending Strength of Wood
(CNS 2009b), and toughness—in accordance
with Method of Testing in Toughness of Wood
(CNS 2009c). These three mechanical properties
were compared between healthy and unhealthy
wood.
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Data Processing and Statistical Analysis

Assessment equations of Wagener, Coder,
Fraedrich, and Mattheck need to measure
the diameter of decay and void to calculate
strength loss. However, decay and void in
tree stems are irregular shapes. For more accu-
rately obtaining average diameter of decay and
void, four directions (east—west, south—north,
southeast—northwest, and northeast—southwest)
were selected on the disks and tomograms to
calculate average diameter using SigmaScan
Pro.5 software (Systat Software Inc, San Jose,
CA). Defect areas shown on the tomograms
and disks were calculated using the same soft-
ware. Area calculation with the software was
based on the following procedure: 1) calculate
pixel value per 10-mm length to get pixel
value of 10-mm” area; 2) use a trace code
option to calculate a pixel of the defect area;
and 3) total pixel of the defect area was
divided by the pixel value of 10-mm? area to
give the value of the defect area. Diameter and
defect area were used to assess tree stem risk
in combination with equations from Wagener,
Coder, and Mattheck’s research results. A 0.05
significance level was used in statistically ana-
lyzing values between the tomograms and
actual disks.

RESULTS AND DISCUSSION
Tomogram Assessment

Potential tree failure is very high when decay,
hollow areas, cracks, and void exist in tree
stems. However, a tree is a living organism
and many factors influence failures such as con-
dition, age, wind, etc, making it difficult to pre-
dict when a tree will fail. Some prediction
equations have been developed, including those
by Wagener, Coder, Fraedrich, and Mattheck.

Table 1 shows four equations and hazard thresh-
olds (Wagener 1963; Coder 1989; Smiley and
Fraedrich 1992; Mattheck and Breloer 1994).

Four equations were used to assess tree stem
failure risk. Mattheck’s equation focuses on the
decay center and the stem’s center not being in
the same location, but Wagener’s, Coder’s, and
Fraedrich’s equations are all based on decay and
cross-section having the same center. As seen in
the 15 tomograms, the color changes from dark
gray to light gray when the wood changes from
sound areas to decayed or void areas. The line is
the area in which Mattheck’s equation indicates
the assessment reference value using a 0.3 haz-
ard threshold (Fig 2). Tree stem was assessed as
being at the risk level if the decay area was
larger than the gray line area. This method can
provide fast assessment results for researchers,
but the defect area must be accurately calculated
so that the difference is decreased when compar-
ing defect area with area calculated by the haz-
ard threshold.

Figure 2 shows 15 Euphrates poplar cross-
section tomograms. Most of the tomograms
show decay or void areas in the disks. Disk
numbers 1-4, 7, 13, 14, and 15 have significant
dark areas indicating severe decay or void areas
detected by stress wave tomography. Other
tomograms also found decay but the light gray
area is not significant enough to diagnose the
extent of the decay. Although stress wave
tomography does not identify defect types in
the tree stems, it still provides excellent infor-
mation for tree defect diagnosis and risk assess-
ment. In all tomograms, the gray line is 0.3
threshold (t/R = 0.3) hazard assessment based
on Mattheck’s equation (Mattheck and Breloer
1994). The tree stem will be assessed in the
hazard level if the area of decay is larger than
the inner area of the gray line.

Table 1. Assessment threshold of four equations.”

Ttem Wagener (%) Coder (%) Fraedrich (%) Mattheck
Equation &ID? &'/p* (P+RD*=d*)/D? /IR
Hazard threshold 33% 20% < I < 44% (caution) 33% 0.3

>44% (danger)

# Where d is the diameter of the decay column; D is the average stem diameter inside the bark; R is the ratio of cavity opening to stem circumference
(Fraedrich’s); t is the thickness of sound wood remaining in the stem; R is the stem radius (Mattheck’s).
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Figure 2. Two-dimensional tomograms from disks 1 to 15. Gray line in tomogram is hazard assessment at 0.3 threshold

(t/R = 0.3) from the Mattheck equation (Mattheck and Breloer 1994).
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Strength Loss and Hazard Assessment

Table 2 shows that density, MOE, bending
strength, and toughness values of healthy wood
were higher than in wood with defects. Values
for healthy wood were 523-544 kg/m3, 57.9-68.3
MPa, 4.4-4.7 MPa, and 34.6-39.6 kJ/m’, res-
pectively, which is a 11.4, 19.5, 14.3, and 22.9%
ratio difference. The unhealthy wood (decay and
voids) values were 433-516 kg/mS, 39.9-57.1
MPa, 3.3-4.6 MPa, and 20.3-38.2 kJ/m, respec-
tively (Table 2). Test results showed that mechan-
ical properties from wood with defects were all
lower than for sound wood. However, in a tree
stem, mechanical properties need to be estimated
by nondestructive testing and a calculation equa-
tion. Table 3 shows estimated strength loss in 15

disks when calculated using Wagener, Coder, and
Mattheck equations. Fraedrich’s equation was not
used to calculate strength loss because it only
applies to open cavities, and there were no open
cavities in the disks in this study. In Table 4, disks
1, 3, and 10-15 were assessed at the danger, or
caution, level based on the hazard threshold. The
other disks were rated as safe. Strength loss results
also showed that decay or void areas existed in
these disks.

Combined with strength loss equations, stress
wave tomography can effectively detect internal
defects and provide quantitative analysis of sta-
bility trees. When strength loss of the real disks
was compared with that of the tomograms,
Wagener’s equation showed a better match than

Table 2. Mechanical properties of healthy wood and wood with defects.

Log no. Wood condition Density (kg/m3) Modulus of elasticity (MPa) Bending strength (MPa) Toughness (kJ/m?)
1 Healthy 523 57.9 4.4 39.6
2 Healthy 571 68.3 4.6 353
3 Healthy 544 66.7 4.7 34.6
4 Decay 433 57.1 4.2 38.2
5 Decay 479 53.1 4.3 30.5
6 Void 516 54.2 3.6 27.4
7 Void 479 55.0 4.6 242
8 Void 513 39.3 3.0 20.3
Total mean of healthy wood 546 64.32 4.59 36.50
Total mean of decay and void wood 484 51.75 3.93 28.12
Ratio difference between healthy and 11.4 19.5 14.3 22.9

unhealthy wood (%)

Table 3. Estimated strength loss of real disk and tomograms tested by different equations.
Strength loss derived from tomogram Strength loss derived from disk
Disk no. Wagener (%) Coder (%) Mattheck Wagener (%) Coder (%) Mattheck
1 45.8 36.2 0.1 55.0 45.2 0.2
2 8.2 3.7 0.3 9.1 4.1 0.6
3 45.0 35.8 0.1 429 349 0.3
4 1.3 0.3 0.5 1.4 0.4 0.7
5 6.2 2.5 0.3 6.1 2.7 0.6
6 2.7 0.8 0.4 2.1 0.6 0.7
7 10.5 5.0 0.3 10.5 5.0 0.5
8 2.7 0.9 0.4 3.7 1.2 0.7
9 2.7 0.9 0.5 2.9 1.3 0.8
10 39.4 29.1 0.2 53.1 44.8 0.2
11 41.1 31.3 0.1 33.6 23.8 0.3
12 35.0 24.7 0.2 35.6 25.2 0.3
13 49.8 39.7 0.1 52.6 42.5 0.2
14 52.2 42.5 0.1 55.1 45.1 0.2
15 45.0 35.1 0.2 474 37.0 0.2
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Table 4. Tree trunk hazard assessment results by different assessment equations.

Wagener Coder Mattheck
Disk no. Tomo®* Real® Pre (%) Tomo Real Pre (%) Tomo Real Pre (%)
2 ok — 0 — — 100 * — 50
4 — — 100 — — 100 — — 100
5 — — 100 — — 100 * — 50
6 — — 100 — — 100 — — 100
7 — — 100 — — 100 * — 50
8 — — 100 — — 100 — — 100
9 — — 100 — — 100 — — 100
10 ok Hok 100 * ok 100 Hok ok 100
11 Hk wk 100 * 100 Hk * 50
12 ok ok 100 * 100 ok * 50
13 HE wE 100 * 100 Hk *k 100
14 ok Hok 100 * ET 50 Hok ok 100
15 Hk wk 100 * * 100 Hk Hk 100

“ Tomogram hazard assessment.

® Disk hazard assessment.

© Assessment precision between tomogram and disk.
* Caution level; ** danger level; — safe level.

did the other equations. However, Wagener’s
hypothesis states that the decay and the stem
share the same geometric center. The assess-
ment result would be significantly different if
the decay area center was not the same as the
stem center because the decay diameter shown
by the tomogram would be less than the real
dimension, which potentially could lead to haz-
ard underestimation. Coder’s equation is based
on the strength loss formula of a cylinder, there-
fore the equation is not concerned about the
different geometric center between decay area
and stem. Mattheck’s equation is based on buck-
ling strength of a cylinder, hence it also offers a
measure of stem failure probability and is
concerned about the center of the defect and
stem. Therefore, Mattheck’s equation is better
for assessing decay that does not share the same
center with the stem. There is a clear difference
in estimated strength loss between a tomogram
and the disk calculations when using Wagener’s
equation. Disks 3, 5-7, and 11 show that strength
losses estimated from tomograms were greater
than those estimated from the disk. With
Coder’s equation, estimated strength loss from
the tomograms of disks 3, 6, and 11 was greater
than that from the disks. For the remaining
disks, however, estimated strength loss was

greater from the disks than the tomograms.
However, all strength loss from the tomograms
was less than from the disks using Mattheck’s
equation.

Statistical analysis of strength loss indicates that
there is a significant difference at the 0.05 level
between the tomograms and the disks (Table 5).
To decrease tomogram strength loss prediction
error, more sensors should be used for the test.
Based on laboratory results and analysis, the
Wagener, Coder, and Mattheck equations can
be used to assess tree stem strength loss when
decay and void areas share the same center with
stem. Mattheck’s equation should be used to
assess strength loss if the defect center is differ-
ent from the stem center. In the case of open
cavities, it is better to use Fraedrich’s equation.

Relationship Model

Model introduction. Results for determining
tree stem mechanical properties using nonde-
structive methods were affected by various fac-
tors including materials, sensor configuration,
instruments, and defect locations. With stress
wave tomography, defect areas shown by tomo-
grams were different compared with the actual
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Table 5. Strength loss analysis of variance between tomograms and disks.
Equation type Difference source Sum of squares Degree of freedom Mean square F value Significance
Wagener Between groups 7111.32 11 646.48 170.05 0.0001%*%*
Within groups 11.41 3 3.82
Total 7122.72 14
Coder Between groups 5166.88 13 397.45 79490.45 0.003**
Within groups 0.005 1 0.005
Total 5166.88 14
Mattheck Between groups 0.70 4 0.18 57.94 0.0001%%*
Within groups 0.03 10 0.003
Total 0.73 14

** Significantly different at the 0.05 level.

stem cross section. However, the tomogram
defect area can be more accurately calculated
through a relationship model between the tomo-
gram defect area and the actual disk. The model
can be calculated according to the following
formula (Fu and Liu 1999):

@(a) =ho+Me(d)+10*(a)+

m(, 2 (1)
+ 0" (a)+€e~N(0,067)

where ¢(-) is the mathematical function, A, i =
0,1,2,...,m, and o are uncertainty parameters
from regression analysis methods. In the func-
tion, defect dimensions may vary in length,
width, area, and height. a’ is a test dimension,
¢(a) belongs to the normal distribution between

ma) =no+ Mo(a )+ 7»2(92(0/) LR
+ 2@ (a ) and 6*

that means

¢(a)~N(n(a), o) (2)
in which the defect dimension a will have a’
value in nondestructive testing according to
Eq 2. When ¢(a) =Ina, 9(a) =Ina, m =1,
substituting these values in Eq 1, one obtains

Ina =X+ A Ina+¢e~N(0,52) (3)

For discussion of Eq 3, uncertain parameters
(Mo, Ay, and 6%) were confirmed first, but discus-
sion theory and method all can use Eq 1. If there
are n defect numbers (a;, a»,. . ., a,) that can be
tested by nondestructive testmg, companson
with the testing will give a,, a,,. .., a, results.

Based on regression analysis, the estimate value
Ao and A, are Ay and A, the equation can be
written

=Tna—MInd’;

>)
S

(Ina—1na)(Ina —E)

3’)
M:

Zn: (Ina—1Ina)*
(4)

where Ina is the real dimension average, and
. . .
Ina is the test dimension average. Then

i=1

Ina=1Y"Ing; Ind =13 Ind, (5)

i=1 i=1
and the regression equation can be written as

Ina =X+ A Ind (6)
and the unbiased estimator 6~ is

02/ — 1 2i (lna,’ — i() — 5\,1 lna;)z (7)

i=1

Model application. Table 6 shows the results
of tomographic and visual defect area. The
tomogram test showed a different area com-
pared with the visual. Range of percentage dif-
ference between tomographic and visual defect
area was 0.2-37.9%. Tomographic defect area
was smaller than visual defect area except
for disks 1, 9, and 15, which overestimated
defect area. Decay area showed a larger percent-
age difference than void area. For example, per-
centage difference of disks 4, 5, and 10 were
22.0, 36.1, and 37.9%. However, results were
not statistically significant enough to prove
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Table 6. Results of tomographic and visual defect areas.

61

Disk no. Diameter (cm) Tomographic defect area (sz) Visual defect area (sz) Percentage difference (%) Defect type

1 29.3 616.4 614.9 0.2 Void

2 20.7 150.4 186.2 19.2 Void

3 34.5 205.6 266.6 229 Void

4 28.3 86.7 111.1 22.0 Decay

5 29.9 48.0 75.1 36.1 Decay

6 32.9 433 50.2 13.7 Void

7 28.0 107.3 132.7 19.1 Void

8 30.2 44.0 51.9 15.2 Void

9 23.6 140.9 128.4 9.7 Decay

10 31.3 351.9 567.0 37.9 Decay

11 37.0 473.2 516.0 8.3 Void

12 22.6 156.7 192.5 18.6 Void

13 38.3 568.8 569.8 0.2 Void

14 374 540.8 616.6 12.3 Void

15 28.3 381.1 363.6 4.8 Void
tomographic decay area was more inaccurate G Temedmeic desciane %
than tomographic void area when using stress S 1 1y —
wave tomography to detect defect dimensions. woo lem /\ /\ -l §
Disk diameter did not significantly affect tomo- \ I;" i Y £
graphic defect area when disk diameter ranged g ™ /u.‘;’ \ | 178
from 207-383 mm (Fig 3). Correlation of tomo- g ** [{{| 1 \ | S
graphic and visual defect area is shown in Fig4. < 0 i}/ / /\ g
Although the tomogram test underestimated the 20 ] o : 10 8
defect area, the regression result showed excel- 100 i : lﬂ I E i s &
lent correlation between tomographic and visual 0 -JZ HLALA AL B e HLE L,
defeCt area. The I'egreSSlOn equathl’l was y — 29.320.7 34.528.329.932.928.030.223.631.337.022.638.337.428.3
1.0346x + 26.143 (correlation coefficient was KNBmetaL (cm)
0.9679). This regression result is useful for esti- Figure 3. Comparison of tomographic defect area and

mating cross-sectional defect area and decreas-
ing the hazard assessment error ratio.

Table 6 shows defect area results using Sigma-
Scan Pro.5 software. The tomogram test showed
a different area than the disk. Statistical analysis
found the tomogram test area to be 86% of the
real area when using 12 sensors (the tomogram
defect area was smaller than the real defect area).
The regression equation, an unbiased estimator
between the real defect area (In a) and the tomo-
gram test defect area (In a), can be calculated
by Egs 3, 4, 5, and 7. The equation is In & =
0.5018 + 0.9349 Ina, and the unbiased estima-
tor is 6 = 0.1567. This calculation method can
be developed to estimate cross-sectional defect
area when we know the tomogram defect area. It
will decrease the hazard assessment error ratio
by increasing defect area accuracy.

visual defect area in disks 1-15.

700
sool  y=1:0346x+26.143 LS
R?=0.9368 @ P
“c so0f N=15 P
L g
o
8 400t s
@ R
“0’ _/
9 300}
‘© $/'/
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g 200 &
a &
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Tomographic defect area (sz)

Figure 4. Linear regression of tomographic defect area
and visual defect area in disks 1-15.
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CONCLUSIONS

Stress wave tomography is effective at detecting
existing defects in tree stems, although the tech-
nique cannot effectively distinguish decay or
void by color change in tomograms (diagnosis
of defect type is difficult). However, tomogram
information can be used to assess stability of
historic trees in combination with strength
loss equations. Strength loss is a key index in
assessing a tree’s condition. Wagener, Coder,
and Mattheck’s equations were used to assess
stem risk along with stress wave tomogra-
phic information. Results show that these equa-
tions can effectively assess tree trunk hazard.
Mattheck’s equation should be used to assess a
tree’s risk when the center of decay or void is
not located in the center of the tree stem. The
defect area predicted from a tomogram was
underestimated compared with that derived from
the disk. However, the regression result showed
excellent correlation between tomographic and
visual defect areas (correlation coefficient was
0.9679). There was a logarithmic relationship
between real defect areas and defect areas indi-
cated by the tomograms. This mathematical
relationship could improve hazard assessment
accuracy in old and famous urban historic trees
when using stress wave tomography. Results of
this research provide insight into defect diagno-
sis and hazard assessment of historic trees in
China.
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