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Variation of Larch Wood Property Indexes Based on
Nondestructive Testing Data
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To quickly evaluate the material properties of ancient wooden structure
members on site, the larch species of northeastern China was used as the
research object, and the nondestructive testing method of the stress wave
and the micro-drill resistance meter were used to measure it. The variation
laws of the larch wood's cross and longitudinal property indexes were
determined. According to the variation law of material property indexes,
the detection divisions under the nondestructive testing technology of
stress wave and micro-drill resistance instruments were divided, which
provides a basis for improving the accuracy of on-site nondestructive
testing. From the comparison of shade and light side data, it was found
that there was little difference in material properties indexes. According to
the change trend of larch wood with density, the pith, juvenile wood,
mature wood, and overmature wood were divided, which provided a
reference value for the study of wood growth laws.
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INTRODUCTION

Ancient timberwork buildings are important cultural relics. According to the
principle of "minimum intervention and protection of the status quo”, nondestructive
testing technology has become an important way to maintain and repair ancient buildings
(Zhu 2012). Wood is the most important building material in ancient buildings, and it plays
an important role in support and maintenance. Studying the changes in the wood properties
has important implications for the life, bearing capacity, and durability of ancient
timberwork buildings (Lu 2017). At the same time, it can provide a scientific basis for the
condition assessment, safety limits, and performance maintenance of the ancient timber
structure.

Wood properties are affected by many factors (Li et al. 2011), such as ring width
(Jiang et al. 2012), moisture content (Montero et al. 2015), density (Liu and Gao 2014),
age (Cavalli et al. 2016), direction of anatomical constituents (Wang et al. 2016), tree
species (Mvondo et al. 2017), earlywood and latewood, temperature (Hu and Xue 2013),
etc. Due to the growth mode of the wood and its characteristics of porosity and non-
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uniformity, its various properties change with the tree species, tree age, positions from the
center of the heart, and directions of the fibers (Zhang 2017). The change of wood
properties is closely related to the life of ancient timberwork buildings and is an inherent
factors affecting the strength of timber structures.

Conventional testing of wood property indexes uses mechanical testing machines
to load prescribed standard samples (Shi et al. 2019). However, this test method is time
consuming, it has many restrictions, and the measurement method is destructive. In recent
years, increased attention has been paid to the research of wood properties using
nondestructive testing technology. Currently, many nondestructive testing technologies are
used to test wood property, such as ultrasonic testing (Haseli et al. 2020), stress wave
testing (Del Menezzi et al. 2014), resistance meter testing (Sun et al. 2012), radiographic
inspection (Jiang et al. 2010), and microwave inspection (Wu 2018). Moreover, there are
many instruments that can test the wood properties, such as SilviScan-3™ (Xu et al. 2012)
developed by the Federal Institute of Science and Industry of Australia; Pilodyn (Zhang et
al. 2010) of Proceq, Switzerland; micro drills of Rinntech, Germany Resistograph (Zhu et
al. 2011); and Fakopp Hungarian stress wave 2D and 3D measuring instrument (Liu et al.
2015). The first two can measure the density and the last two can measure the dynamic
modulus of elasticity (£4). There have been many related studies on various tree species,
such as Pinus koraiensis (Zhu et al. 2013), Pinus elliottii (Zhang et al. 2017), Robinia
pseudoacacia (Sun et al. 2018), larch (Tian et al. 2017), Chinese fir (Lin et al. 2000),
Machilus pauhiol (Leng et al. 2018), and masson pine (Bao et al. 2001). At the sampling
location of the test object, the material properties of heartwood and sapwood (Cao 2005;
Zhu et al. 2011; Zhu 2018) were studied. In terms of object types, there are many studies
on topics such as standing wood (Zhang 2014), log (Luo 2011), board (Huang 2013), sawn
wood (Tian et al. 2017), and glued wood (Wang et al. 2013; Chen et al. 2014), old wood
(Chen 2003), new wood (Lourenco et al. 2007; Zhu 2018), full-scale components (Yu et
al. 2017; Guan et al. 2019), and standard components (Zhu 2018). In terms of detection
targets, the literature consists of studies on density (Gao 2012), E£4 (Carrasco et al. 2017),
modulus of stress-resistograph, which means multiplying the value of the drilling (feeding)
needle by the square of the stress wave propagation velocity (Zhu et al. 2011), compression
strength parallel-to-grain, and bending strength (Huang et al. 2007).

The diameters of wooden members in ancient buildings are relatively large. For
example, the maximum diameter of the pillars of the Forbidden City can be more than 100
cm. Considering the complexity of the wood structure and the anisotropy of the wood itself,
when applying nondestructive testing technology to such timber structures, the technology
must be performed according to the characteristics of the wood, so as to improve the speed
and accuracy of the survey of the material condition of the ancient wooden structure's
wooden components. Therefore, it is of great significance to precisely detect the wood
property indexes for improving the accuracy of nondestructive or minimally destructive
testing.

Recently, there have been some important studies on rapid determination of wood
density. Williamson and Wiemann (2010) suggested an approach, using applied calculus
to estimate the density when the form of radial variation is known. In theory, they thought
the tree need only be bored to a specific point, to estimate density of the whole cross
section. The study proposed a prediction method based on theory. As to the traditional
increment borer methods, Gao et al. (2017) provided a comprehensive review of research
development, the results of which showed that the choice of method for predicting wood
density of major tree components was significant. It was thought that resistance drilling
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has emerged as a potential tool for more efficient and economical collection of wood
density. José Tarcisio da Silva Oliveira et al. (2017) suggested that the average resistance
amplitude of a half-diameter drilling (from bark-to-pith) is more advantageous for
assessing the density of young eucalyptus trees than a whole-diameter drilling. Unlike
previous researches, the density and some other properties were determined. Based on the
experiment, a more reasonable detection range on cross and longitudinal section were
determined. This study investigated the larch species of northeastern China as the object,
and used the coupling effect of stress wave and micro-drilling resistance instruments to
analyze the material properties of larch from the whole and part. It analyzed the variation
laws of cross and longitudinal section performance indexes of larch. According to the
variation laws of each material property index, the detection zones for using the stress wave
tester and micro drilling resistance instrument were divided. The results of nondestructive
testing provided the basis for improving the accuracy of on-site testing. At the same time,
according to the change trend of larch wood with density, the pith, juvenile wood, mature
wood, and over-mature wood were divided, which provided a reference value for the study
of wood growth law.

EXPERIMENTAL

Materials

The experimental materials were selected from green larch materials and purchased
from Qingdongling Timber Factory in Tangshan City, Hebei Province (China). The
diameter of the base was 50 cm, and the top was 40 cm. The height was 400 cm. The green
wood was approximately 300 to 400 years old. It was cut into eight sections from the base
to the top by the following measurements: 50 cm, 100 cm, 150 cm, 200 cm, 250 cm, 300
cm, 350 cm, and 400 cm; the sections were labelled A, B, C, D, E, F, G, and H, respectively.
Because one part of the wood was exposed to light and the other part was not during
growing, the specimens were divided into two parts, the light part and shade part.
According to GB 1929 (2009), the standard for selecting specimens, each section was sawn
into 2 cm x 2 cm x 45 cm specimens. A total of 559 specimens were selected. The
specimens were divided into 10 groups according to the actual depth (Fig. 1, Tables 1, 2).

Table 1. Cross-section Grouping and Depth Ratio

Name Cross-section Depth and Ratio
Whole (cm) Shade Side (cm) Light Side (cm) Depth Ratio (d)
Group 1 19.10 19.10 19.10 1/2
Group 2 16.98 16.72 17.24 9/20
Group 3 14.88 14.64 15.38 2/5
Group 4 12.71 12.53 12.89 1/3
Group 5 10.68 9.93 11.19 7/25
Group 6 8.06 7.54 8.55 1/5
Group 7 6.51 5.61 7.22 17/100
Group 8 4.40 3.52 5.16 6/50
Group 9 3.78 3.22 4.31 1/10
Group 10 2.88 2.12 3.40 2/25

Note: The method for determining the depth ratio (d) of the cross distance from the bark depth is
the distance from the detection position to the bark divided by the diameter of the wood.
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Table 2. Longitudinal Section Grouping and Height Ratio

Section Name A B C D E F G H
Height (cm) 50 100 150 200 250 300 350 400
Height Ratio (h) 1/8 1/4 3/8 1/2 5/8 3/4 7/8 1

Note: The method for determining the height ratio (h) of the longitudinal | distance from the
bottom of the tree is the distance of the detection position from the bottom of the tree divided by
400 cm.

(c)

Fig. 1. Schematic diagram of cross-section (a, b,) and longitudinal section saw (c)

The equipment consisted of a Lichen Technology blast dryer box 101-3BS
(Shanghai Lichen Electronic Technology Co., Ltd., Shanghai, China), Lichen Technology
electronic precision balance JA1003 (Shanghai Lichen Electronic Technology Co., Ltd.,
Shanghai, China), vernier calipers (Guilin Guanglu Measuring Instrument Co., Ltd.,
Guilin, China), FAKOPP microsecond timer (FAKOPP Enterprise Bt., Agfalva, Hungary),
and an IML-RESI PD500 micro-drill resistance instrument (IML Co., Ltd., Wiesloch,
Germany).

Methods and Steps

The propagation time of the stress wave in wood was measured with a stress wave
tester (FAKOPP Enterprise Bt., Agfalva, Hungary). Two transducers were coupled in the
specimens’ ends and measurements were made along the direction parallel to the fibers of
the specimens. The angle between the two probes and the length of the specimens was not
less than 45°, and the distance between the two measurement points was measured (Fig.
2). During the measurement, the reading of the propagation time of the first tap was invalid.
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Starting from the second time, the average value of the propagation time obtained by
continuously measuring three times was used as the final test result.

The micro-drilling resistance instrument 200/5000 was used to measure both ends
of the specimens, and the resistance value of the material inside the wood was tested. A
probe was drilled into the surface of the processed specimen at a uniform speed and
perpendicular to the direction of the annual ring, and the test data was imported into the
computer to calculate the resistance value.

The measured position was cut off, according to Fig. 2. The size of the specimens
was tested with a vernier caliper (Guilin Guanglu Measuring Instrument Co., Ltd., Guilin,
China). The mass of the specimens was recorded with a balance (Shanghai Lichen
Electronic Technology Co., Ltd., Shanghai, China). The moisture content (MC) was tested
with a dryer box.

Micro-drilling testing area

/ Moisture content testing area

\ Reservedarea
3% Density testing area
A2y 3 =

/
e ‘/‘I Micro-drilling testing area

Fig. 2. Experimental specimen partition

Experimental Data Processing
According to Eq. 1, the density values of all the specimens was calculated,
M
p= 1)

where p is the density (g/cm?®), M is the mass (g) and V is the volume (cmd).
The propagation velocity and E; was calculated according to the application
principle of the stress wave tester (Eq. 2and Eq. 3),
Vy=10°x ()

where L is the distance between the two sensors of the stress wave tester (m), ¢ is the time
recorded between the two sensors of the stress wave tester (us), and Vq is the stress wave
propagation velocity in wood (m/s),

Eq=pVy’ (3)

where Eq is the dynamic modulus of elasticity of wood (MPa).
The F;; and Fr..q Were calculated according to the principle of the micro-drilling
resistance instrument (Eq. 4 and Eq.5),

Faeinn =Sy 75 4)
F feed :ffeed de (5)
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where Fgrinl is the modulus of stress-resistograph of the drilling needle (resi-km?/m?), farin
is the rotational resistance value of the drilling needle (resi), Ffeed iS the modulus of stress-
resistograph of the feeding needle (resi-km?/m?), and freq is the resistance value of the
feeding needle (resi).

The micro-drilling resistance instrument started timing after being disturbed by the
outside disturbance, and recorded data at a certain time interval. The needle advance speed
of the impedance meter was a constant value, and the needle depth could be calculated
according to Eq.6,

x=Vxt (6)

where x is the needle depth (cm), V' is the needle advance speed of the micro-drilling
resistance instrument (cm/s), and ¢ is the needle insertion time (s).

According to the data obtained by the micro-drilling resistance instrument software
and the thickness of the actual specimen (2 cm), it was calculated that the micro-drilling
resistance instrument recorded the data approximately every 0.01 cm.

Data and pictures were obtained by the micro-drilling resistance instrument
software PD-Tools Pro (IML Co., Ltd., Wiesloch, Germany) (Fig. 3). The initial 0.2 cm
was not suitable because of the small depth of needle insertion, angular deviation, and
uneven surface of the specimen. The last 0.2 cm of the penetration specimen was subject
to errors due to damage to the surface structure and the characteristics of the specimen. The
selected point of the micro-drilling resistance instrument data was 0.6 to approximately 2.2
cm as the valid data range (Eq. 7),

22
f= Jo.g ydx (7)

=22
Joss dx

where f is farin (resi) or freeq (resi).

40

n
o

farill ( freed ) (resi)

0 0.6 1 222 3

Depth (cm)
Fig. 3. Schematic diagram of micro-drilling resistance PD-Tools Pro data

The MC of the specimens was determined according to GB 1931 (1991). Through
the determination, the MC of the 559 specimens was in the range of approximately 4% to
approximately 7%.
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RESULTS AND DISCUSSION

Analysis of Wood Cross-section Variation

Figure 4 presents the average values of each property index at each ring depth,
including the data of the shade and light side. Judging from the trend of larch wood property
indexes with annual ring depth, at the same cross-section height, the index values were the
smallest at the center of the annual ring at 19.10 cm (the ratio of 1/2). They gradually
increased outward from the depth of 19.10 cm and became steady, which was 3.78 cm to
12.71 cm (the ratio of 1/10 to 1/3). Values became slightly lower at 2.88 cm (the ratio of
2/25) than 3.78 cm (the ratio of 1/10) (except for the trend chart of the stress wave
propagation velocity), but the values were not much different (Fig. 4).
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Fig. 4. Variation of cross-section figures of the five material property indexes: (a) density,
(b) stress wave propagation velocity, (c) Ey, (d) Farin, and (€) Freed

This was consistent with the results of Cao's research on density variation (Cao
2005). The formation of this variation was related to the tracheid width, tracheid wall
thickness, microfibril angle, etc., which are important indexes affecting the wood
properties. Trees have high levels of growth hormone from the early stages of growth to
maturity, and accordingly the tracheid width of the meristem is larger, and the tracheid wall
thickness is smaller. With the growth of trees and their biological properties, the hormones
that inhibit cell growth gradually increase, the growth rate of tracheid width slows down,
and gradually stabilizes. The tracheid wall thickness increases first and then decreases, and
the microfibril angle decreases (Panshin et al. 1970).

It was found from the data analysis that the dispersion coefficients at all annual ring
depths were very small. The density was 0.07 to 0.12, the stress wave propagation speed
was 0.02 to 0.08, the £4 was 0.11to 0.21, Farin was 0.11 to 0.21, and Freeq Was 0.11 to 0.25.

There are 8 sections of contour figures to reflect the variation trend of the cross-
section. And the trend was similar. Eight sections are shown. Figure 5 represents the data
of F. The x-axis and y-axis are represented by the pith center, which indicates the depth
from the pith center to the bark. From the contour maps of the five material properties, the
variation trend shown in Fig. 5(a) was consistent with Fig. 4(a). The variation trends of
Fig. 5(b), Fig. 5(d), and Fig. 5(e) slightly deviated from those of Fig. 4(b), Fig. 4(d), and
Fig. 4(e). This might have been related to the small errors in the fluctuation of the moisture
content during the experiment and the influence of the experimental conditions.
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Fig. 5. Cross-section contour figures of the five material property indexes: (a) density, (b) stress
wave propagation velocity, (c) Ey, (d) Farii, and (€) Freed

The variation trend formed in Fig. 5(c) was not obvious. This might have been
related to the large deviation of the value at the height of 250 cm in Fig. 4(c). Overall, the
contour map of each material property index was roughly consistent with the variation
trend chart in Fig. 4. The reliability of the cross-section variation trend of Fig. 4 was further

verified.

Through comparing the data of the shade side and light side of each material
property index, it was found that overall, the shade side and light side had the same change
trend and there was not much difference between them. Figure 6 shows the results of
overall density, shade side and light side.
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Analysis of wood longitudinal section variation

The average depth of each of the property indexes in each annual ring is shown in
Fig. 7. Judging from the trend of larch wood property indexes with section height, at the
same cross-section height, the annual ring depth of each property indexes at 16.98 cm (the
ratio of 9/20) and 19.10 cm (the ratio of 1/2) were smaller than the other depths. The density
at 14.88 cm (the ratio of 2/5) was also smaller than other index values. This showed that in
the years in which the three annual rings were located, the wood was affected by the
growing environment; the nutrients, light, and moisture were different during the growth
at that time. Based on the depth curves of other groups of rings, according to various
property indexes, there was not a large difference between the values at the height of 150
cm (the ratio of 3/8), 200 cm (the ratio of 1/2), 300 cm (the ratio of 3/4), and 400 cm (the
ratio of 1). Among them, except for the variation law of Freeq, the variation trends of other
material property indexes were similar (Fig .7).

From the data analysis, it was found that the dispersion coefficients of the material
property values at different cross-section heights and annual ring depths were small.
Among them, the density was 0.05 to 0.09, the stress wave propagation speed was 0.02 to
0.08, the E4 was 0.06 to 0.17, Fgrin was 0.06 to 0.22, and Ffeed was 0.11 to 0.39.
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Fig. 7. Variation of longitudinal section figures of the five material property indexes: (a) density,
(b) stress wave propagation velocity, (c) Ey, (d) Farit, and (€) Freed

There are 8 sections of contour figures to reflect the variation trend of the
longitudinal section. And the trend was similar. Figure 8 represents the data of F. The x-
axis represents the pith center as the origin and indicates the distance from the pith center
to the bark. The y-axis represents the base of the tree as the origin and indicates the height
from the base to the top of the tree. It can be seen from the contour maps of the five material
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properties that the contour map of each material property index was consistent with the
variation trend chart in Fig. 7. The reliability of the variation trend of the longitudinal
section in Fig. 7 was further verified.
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Fig. 8. Longitudinal section contour figures of the five material property indexes: (a) density, (b)
stress wave propagation velocity, (c) Ey, (d) Farii, and (€) Freed

By comparing the data of the shade side and light side of each material property
index, it was found that overall, shade side and light side had the same change trend and
there was little difference between them. Figure 9 shows the results of overall density, for

both shade side and light side.
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Creating the detection division

When trees grow outward from the pith, the wood that is formed when the layer is
younger is called juvenile wood. Within a certain range of age, it gradually transitions to
maturity to produce mature wood. The wood properties of juvenile wood vary greatly, and
the wood properties of mature wood are basically stable. Based on the definition of juvenile
and mature timber in the study of larch wood anatomy, considering the on-site inspection
of the wooden structure of ancient buildings, it is necessary to make a fast and an accurate
judgment under nondestructive conditions. According to the variation laws of density,
stress wave propagation velocity, £y, Farin, and Fred in cross-section and longitudinal
section divide the zones of larch using nondestructive testing. The comparative analysis
was performed according to the different index values of the pith, juvenile wood, mature
wood and over-mature wood, so as to improve the accuracy of the nondestructive test. This
was shown in Table 3, and the dotted area in Figs. 10 and 11. Compared to Williamson and
Wiemann (2010), for linear radial changes, the wood density at two thirds of the distance
from pith to bark should equal the density of the whole disk, the results were coincident.

Table 3. Detection Divisions of Wood Property Indexes Under Nondestructive
Testing Technology of Larch

Ratio and Detection . .
; Detection Division
Suggestion
Ratio of cross-section Ov?/vr—g\oadture Mature Wood juvenile Wood Pith
distance tobark depth "o < 1/10 | 110<d<13 | 13<d<12 | d=12
Detection suggestion Preference Auxiliary Auxiliary
Reference Reference
Ratio of longitudinal h=3/4
section distance to base 0<h<3/8 3/8sh<1/2 1/2<h<3/4 };: 1’
height
Detection suggestion Auxiliary Preference Auxiliary Preference
Reference Reference
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Farit and Freeq) in longitudinal

This study provides a reference value for other species and some related research.
It has practical significance in establishing research ideas and methods for detection

divisions

CONCLUSIONS

1. This work established the variation laws of larch’s property indexes in cross and
longitudinal sections based on nondestructive testing methods. The five property
indexes included density, the stress wave propagation velocity, E4, Farinl, and Freeq.

2. According to the variation laws of material property indexes, the detection divisions
for nondestructive testing technology of stress wave and micro-drill resistance
instrument were divided, which provided a basis for improving the results of
nondestructive testing on site.
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3. Fromthe change trend of larch wood with density, it was found that the density of wood
increased rapidly from the outer bark of the pith and flattened after a short transition
until the bark was near the bark. Then, it decreased slightly near the bark. The use of
variation rules to classify the pith, juvenile wood, mature wood, and over-mature wood
also provided a reference value for the study of wood growth laws.
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