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Prediction of Internal Defect Area in Wooden
Components by Stress Wave Velocity Analysis

Xin Li,2¢ Jian Dai,®®* Wei Qian,>¢ and Li-Hong Chang?

In this study, wooden components torn down from ancient buildings were
used as the experimental materials. With methodology based on reverse
simulation testing, some artificial holes making up different proportional
areas of their cross-section were chiseled and tested with a six-sensor-
point stress wave testing device. The results indicated that two-
dimensional analog images could be used to judge the internal defects of
wooden components qualitatively but did not provide quantitative,
accurate determination. By comparing and contrasting the attenuation
tendency of stress wave velocities among adjacent sensor points,
separated sensor points, and diagonal sensor points, the defect grade of
wooden components can be classified. Six variations were chosen as
discriminant factors. These were the attenuation coefficients of the stress
wave velocities via three propagation paths and the relative proportions of
their absolute values. The Mahalanobis distance discrimination model was
adopted for the in-grade estimation of the internal defects present in the
component’s cross-section. This method had high operability and no
misjudgment ratio.
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INTRODUCTION

Ancient Chinese buildings were mostly built with wood (Ma 2003). The relevant
literature shows that China has 1,080 historic building complexes that are listed as
protected sites, more than half of which are timber frame buildings (Yin and Yamamoto
2013). The preferred species of timber for buildings during the Ming and Qing Dynasties
(1368AD-1911AD) in the Beijing district included Chinese pine (Pinus tabulaeformis
Carr.), fir (Abies fabri (Mast.) Craib), spruce (Picea asperata Mast.), larch (Larix gmelinii
Kuzen.), and others (Liu 2006).

The timber frame has many outstanding merits, such as light weight, large span,
replaceable components, and good earthquake resistance, etc. (Fig.1). But as an anisotropic
biological material, wood has a very complex internal structure and suffers internal defects
easily under natural conditions, such as holes, rot, and decay (Zhang et al. 2011). Outdoor
environmental effect (exposure to radiation, moisture, and temperature changes, the worms
and termites infestation, etc.), artificial damage (damage caused by wars, impertinent
repairing work, etc.), and biodegradation resulting from its material characteristics are
considered to be the most important causes of these defects, and these defects can give rise
to the cross-section weakening of the wooden components (Yang et al. 2012). Like many
other building structural styles, the effective cross-section weakening of wooden

Li et al. (2015). “Prediction of internal defects,” BioResources 10(3), 4167-4177. 4167


javascript:void(0);
javascript:void(0);

PEER-REVIEWED ARTICLE b | oresources.com

components can make them lose the bearing capacity and even reduce the reliability of
the whole building (Li et al. 2005). Thus, during the structural health monitoring and
assessment of the ancient timber buildings, it is important to determine the internal
conditions of the wooden components without damaging them (Duan et al. 2007), and
some fundamental data could make it possible to quickly and precisely estimate the state
of internal defect of wooden components for the renovation of a historic building (Wang
2006; Xu and Qiu 2011).

Fig. 1. Example of an ancient Chinese timber frame building

The non-destructive testing (NDT) techniques are effective ways to provide
valuable information on the state of the material, and to improve the quality of the diagnosis
of many structures, e.g. steelwork, concrete, and timber (Balayssac et al. 2011). Among
these techniques, stress wave tomography is one of the mature NDT methods widely used
in timber structure testing (Huang et al. 2007). It provides a planar image of a timber cross-
section through matrix transformation with image reconstruction. If any cross-sectional
weakening exists in the measured object, it can be obviously mapped on the PC screen.
The principle of stress wave testing is based on differences in the velocity of stress waves
propagating in different materials, since the velocity of sound in healthy wood is much
higher than in voids or in decaying wood (Halabe et al. 1997; Wang et al. 2004; Feng and
Li 2008). Several studies of this technology have been performed, both experimentally and
with simulations (Kiernan 2009). These studies have indicated that stress wave testing can
effectively diagnose the defects in the wood (Liang 2008). The defect situation of wooden
components can be deciphered by comparing the propagation velocities of stress waves
through the components via different paths.

The objective of this study is to predict the internal defect of wooden components
more accurately by using the statistical approaches of the stress wave propagation. Several
statistical approaches have been based on the measured data of NDT and used in structural
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health monitoring and assessment, e.g. neural networks (Sohn et al. 2002), fuzzy pattern
recognition (Taha and Lucero 2005), an autoregressive model (Figueiredo et al. 2011), and
Malanalobis distance discrimination (Atsushi and Akira 2004). This study used wooden
components acquired while repairing ancient buildings as the experimental material, and
the artificial holes were chiseled to simulate the cross-sectional weakening. The attenuation
law of stress wave velocity through different propagation paths and different proportions
of holes were analysed, and the discriminative and ratio relationships using the
Mahalanobis distance discriminant model were established.

Distance discrimination is a frequently used statistical analysis method that
determines the internal conditions of a sample based on analysis of its property parameters
(Luo et al. 2013). The basic principle is to determine and classify a sample according to its
regularity and data distribution of the sample as well as statistical information of other
known samples. The purpose of this methodology is to classify a sample into an ensemble
(Gong et al. 2007).

The work will serve some parameter for future stress wave inspection and help to
determine the presence of internal defects in wooden components more quickly and
precisely during on-site ancient building repair.

EXPERIMENTAL

Basic Information on Materials Used for Testing

The experimental material used in this study was a column disassembled from an
ancient building repair project with homogeneous internal material and no obvious decay
or defect (some tiny nonpenetrating drying cracks existed in the surface, their effect was
neglected in this study), as judged by preliminary testing (knocking on the surface and
examining the appearance of the sawed section) (Fig. 2). Before cutting into the specimens,
some basic data were measured: the cross-section was approximately a circle with a
diameter of 280 mm; an average surface moisture content of 16.7% was measured by the
KT-50 Wood Moisture Meter (KLORTNER Technology Co., Ltd, Italy); the testing
material did not have an intonaco layer (a surface coating of the wooden components made
from plaster and hemp fiber to protect it), and its species was determined to be Chinese
pine.

Fig. 2. The experimental material disassembled from an ancient building
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Experimental Procedures and Methods

Six cylinders were cut from the experimental material with heights of 100 mm,
numbered 1 to 6. Specimens 1 to 5 were for data collection, and specimen 6 was for
verification of the results.

The testing device used for data collection was an FAKOPP 3D Acoustic
Tomograph (FAKOPP Enterprise, Hungary). The Fakopp 3D device used several sensors
and measured the travel times between each sensor pair by tapping them. The travel times
measured by the Fakopp 3D were transmitted to the software on the PC. This software
calculated the resulting two-dimensional velocity map of the internal state of the measured
object. In this experiment, six sensors were uniformly located in the direction of the
cylinder’s perimeter and nailed into the wood 10 to 15 mm deep.

The average moisture content of the specimens was adjusted to roughly 12% in an
RGQ Atrtificial Climate Box (SENXIN Experimental Instrument Co., Ltd., China), similar
to that of the wooden components of buildings under natural conditions. First, cross-section
analog images were collected by the tomograph, and the stress wave velocities were
classified into three types according to their different propagation paths, including the
velocity between adjacent sensor points, Vaiz, Vazs, Vasa, Vass, and Vass, their mean value
recorded as Vao; the velocity between separate sensor points, Vbi3, Vb2s, Vbas, Vbas, Vbst1, and
Ve2, their mean value recorded as Vio; and the velocity between diagonal sensor points
Ve1s, Veos, and Vess, the mean value of which was recorded as Vo, as shown in Fig. 3. Vao,
Vo, and Vo were the baseline values of the stress wave velocity along the three
propagation paths.
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Fig. 3. Three propagation paths of stress wave velocities among the timber cross-section

Next, penetrating holes were artificially chiseled from the geometric centre of the
specimen’s cross-section, and the stress wave velocities Va, Vb, and V¢ were collected by
tapping the sensors. The areas of the holes were enlarged in a stepwise manner. The hole
proportions were in multiple relationship, for which the areas were 1/32S, 1/16S, 1/8S,
1/4S, and 1/2S, respectively, where S represents the cross sectional area of the specimen (S
ca. 616 cm?), and the corresponding diameters of the holes were 50 mm, 70 mm, 100 mm,
140 mm, and 200 mm, respectively (in consideration of the manual error, the sizes were
measured within a centimeter).
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A comparison between the actual area of the chiseled holes (R) and the analog
imaging area as determined by the tomograph (T) is shown in Fig. 4.
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Fig. 4. Comparison of actual hole area and imaged area by stress waves

RESULTS AND DISCUSSION

Analysis of Testing Hole Area

The working principle of FAKOPP 3D is to establish a fitting relationship for
velocity and color, in which different velocities correspond to different colors. High
velocity corresponds to healthy wood, and low velocity corresponds to hollow wood. After
the calculation by FAKOPP 3D software, an analog image of the wooden cross-section is
prepared to show the results with gradual changes in color. The color progression of
“Green-Red-Blue” corresponds to the internal state in form of “Intact-Decayed-Hollow,”
respectively, as shown by the legend in Fig. 4. In FAKOPP 3D software, the default critical
values of velocities corresponding to different internal state come from the reference
database with different tree species. (In the present study, the reference data of “Chinese
(red) pine” was chosen).

Based on the default critical values of the corresponding tree species, the analog
images distinctly revealed the proportion of the holes, but with large error. The smaller the
proportion of the hole was, the larger the margin of error was; the highest average margin
of error was 69%.The average testing data of specimens 1 through 5 are indicated by Table
1. With the default parameters of the stress wave testing software, the analog images lacked
the ability to provide quick, accurate, quantitative judgment.

Table 1. Comparison of Testing Area (T) and Actual Hole Area (R)

Hole Proportion | Testing Area (T) (cm?) | Actual Hole Area (R) (cm?) Margin of Error
1/32S 61.50 19.22 69%
1/16S 98.40 38.44 60%
1/8S 141.45 76.88 46%
1/4S 202.95 153.75 24%
1/2S 246.00 307.50 11%
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Analysis of the Law of Stress Wave Velocity Attenuation

To determine the degree of internal defects in wooden cross-sections, the key
element in the tomograph’s ability is to explore and analyze the propagation velocities of
stress waves inside wooden cross-sections. The data analysis is shown in Table 2. It shows
that there were no noticeable differences of ranges among the velocities along the three
propagation paths (Va, Vb, Vc) under the initial state, with no defects (An 2013). The
maximum was 1321 m/s, the minimum was 1146 m/s, the standard deviation was 43.31,
and the coefficient of variation (CV) was 3.48%. The mean velocities of the three
propagation paths were calculated as Vao = 1255 m/s, Vo = 1239 m/s, and Vco = 1243 m/s,
the baseline velocities. On this basis, the attenuation values and ratios of velocity compared
with the baseline can be obtained.

Table 2. Data Analysis of Stress Wave Velocity Propagation

Test . - . Attenuation
Condi- | Velocity Maxw/num Mlnlr;]um lgtar)dr?lrd (E/V Attenl;atlon Coefficient
tion (m/s) (m/s) eviation (%) (m/s) 5 (%)
No Va 1301 1193 0 0
Defect Vb 1268 1173 43.31 3.48 0 0
Ve 1321 1146 0 0
1/32S Va 1262 1177 32 2.55
Defect Vb 1249 1148 66.60 5.63 21 1.70
Ve 1140 1022 137 11.02
1116S Va 1272 1169 28 2.23
Defect Vb 1234 1110 92.08 7.95 39 3.15
Ve 1092 954 197 15.85
1/8S Va 1260 1159 33 2.63
Defect Vb 1206 1089 127.45 11.42 67 5.41
Ve 1011 861 289 23.25
1/4S Va 1256 1171 40 3.19
Defect Vb 1130 997 182.16 17.65 165 13.32
Ve 892 708 436 35.08
1/2S Va 1099 1018 197 15.70
Defect Vb 911 806 215.43 26.28 389 31.40
Ve 590 515 691 55.59

Along with the expansion of the cross sectional holes area, the average
velocities along the three propagation paths all had an attenuation tendency, but in different
rates. V¢ had the fastest attenuation rate and Va had the slowest. The reason is that the
propagation path V¢ is through the geometric center of the wooden cross-sections; if a hole
is present, then the sound has to travel a longer distance. This means a higher travel time;
hence the velocities between the diagonal sensors are slow down obviously. Both the
standard deviation and variable coefficient tended to increase, where the maximum values
were 215.43 and 26.28%, respectively. It could hence be estimated that the absolute
differences of the velocities along the three propagation paths increased when the cross
sectional hole area was increased. The attenuation coefficient s mwere calculated as follows,

\" -V
5, =—"—"-x100% (1)

m
VmU
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where vmo (M =a, b, c) are the mean velocities of the three propagation paths under the
initial state with no defects, and vmk (m=a, b, ¢ ; k=1, 2, 3, 4, 5) are the mean velocities of
the three propagation paths under the state with 1/32S, 1/16S, 1/8S, 1/4S, 1/2S (S is the
cross sectional area of the specimens) hole proportions, respectively.

Relations of Wave Velocity Classification

From the analysis above, different attenuation trends were observed in each of the
three propagation paths. When the attenuation coefficient of the stress wave velocity (ACV)
(om) exceeds 10%, the given proportions of holes are considered to have a noticeable impact
on the propagation path. The relevant study shows that the stress wave velocities in three
propagation paths are evidently correlated with the area proportion of the holes in the cross-
section (An 2013). From this correlation, a relationship between them was established to
promptly determine the defect area in a wooden component’s cross-section (Table 3).

Table 3. Judgment of Defect Area by ARV of Different Propagation Paths

Test Condition 0, o, 0,
No Defect - - -
Defect Area < 1/32S - - +
Defect Area < 1/16S - - +
Defect Area < 1/8S - - ++
Defect Area < 1/4S - + ++
Defect Area < 1/2S + ++ Tt
“.” represents ACV < 10%; “+” represents 10% < ACV < 20%; “++” represents 20% < ACV <
50%; and “+++” represents ACV > 50 %.

Prediction of Defect Area by Distance Discrimination Model

To determine the defect area more precisely in this study, Mahalanobis distance
discrimination was adopted to analyze and predict the internal condition of wooden
sections. The Mahalanobis distance discriminant model, using a deductive process, is

described below.

Let the totality G = [X1, X2, ... Xi]" be a k-dimensional totality (inspect k items of
discriminant factors) and sample X = [x1, X2, ... x]". Let ii= E(Xi) (i = 1, 2, ... k). Then,
the average vector quantity of the totality u = (u1, g2, ... u)". The covariance matrix of
totality G is

Y =Cov(G)=E[(G - u)(G-u)'] )

Assuming 2 > 0 (X' is a positive definite matrix), the Mahalanobis distance between
two samples Xi, X; (i=1, 2, ... k; =1, 2, ... K) is defined as

d° (X, X )= (X, =X ) T (X, - X)) (3)
and the Mahalanobis distance from sample X to totality G is defined as
d°(X.6)=(X ~w) (X - u) @)

Assume there is a pth k-dimensional totality Gi1, G2, ... Gp whose average vector
quantities are 1, w2, ... upand covariance matrices are 21, 22, ... 2p. Choosing any given k-
dimensional sample X = [x1, X2, ... X" and comparing the Mahalanobis distance from the
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sample to each totality by calculating, the sample can be classified to one totality that has
the least Mahalanobis distance. The basis for this classification is if

d’(X,G,)=min[d*(X,G))](i=1, 2, ... k) (5)
then,

XEGi. (6)

Based on Mahalanobis distance discrimination, G is the grade of internal defects in
a specimen’s cross-section. G is divided into six classes, as shown in Table 4.

Table 4. Discrimination Grades and Standard

Grade of Internal Defect (G) Discrimination Standard
Go No Defect
G1 Defect area less than or equal 1/32S
G2 Defect area less than or equal 1/16S
Gs Defect area less than or equal 1/8S
G4 Defect area less than or equal 1/4S
Gs Defect area less than or equal 1/2S

Next, using MATLAB, six discriminant factors were chosen as follows:
0a(X1), 0b(X2), 9c(X3), ValVb(Xa), Vu/Vc(Xs), and Va/Vc(Xe). Taking specimens 1 to 5 as the
studied samples, some predictions were made to classify the internal defect holes of the
specimens based on different proportional areas. Specimen 6 was used as the testing
sample, and the accuracy of this discrimination method was verified. The results of the
discrimination are shown in Table 5. By comparing the result of discriminant with the
grand of actual internal defect, the results corresponded with the real situation perfectly,
and that the misjudgment rate was 0, fully illustrating the rationality and effectiveness of
predicting the internal defect area of wooden components with the distance discriminant
model on the basis of the law of attenuation of stress wave velocities. This model is simple
and effective in that it has a strong discriminant capability for estimating the internal defect
area of wooden component sections and eliminates the influence of human factors (Shi et
al. 2013).

CONCLUSIONS

1. Two-dimensional software-derived analog images of the stress wave detector distinctly
showed the conditions of the internal section of the wooden components and allowed
qualitative conclusions regarding defect positions and sizes. Large error existed in the
quantitative predictions of the specific areas of the defects. The smaller the area of the
defects was, the larger the margin of error was. The largest error was as high as 69%.

2. The law of attenuation of stress wave velocities via three propagation paths had clear
relationships with the defect area in the wooden component sections. Along with the
expansion of the cross sectional holes area, all the velocities had an attenuation
tendency, for which V. had the fastest attenuation rate and Va had the slowest. The
maximum values of standard deviation and variable coefficient were 215.43 and
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26.28%, respectively. When velocity propagates in a certain path, compared to the
velocity through defect-free wood, there is over 10% attenuation, and the defect area
can be considered to influence the propagation velocity in that path. A quick
determination of the internal defect area of the section can be achieved by making a
comprehensive comparison of the attenuation relations in three propagation paths.

3. Using six discriminant factors, including the attenuation coefficient of stress wave
velocity in three propagation paths and their ratios, the Mahalanobis distance
discriminant model had fundamentally no misjudgment rate. The reverse simulation
testing with artificial damage can give some effective statistical approach and
fundamental data for the future stress wave inspection during the on-site work.

Table 5. Result of Discrimination by Mahalanobis Distance Discriminant Model

Discriminant Factor
Specimen Grade of Result of
Number Sa(X: Ob 5 V! V. Val V. Internal Discriminant
ag 1) (Xz) co Va/Vb(X4) bl Ve al Ve Defect
(%) (%) (X3)(%) (Xs) (Xe)
No. 1 0 0 0 1.0171 | 1.0236 | 1.0410 Go
No. 2 0 0 0 1.0232 | 0.9837 | 1.0065 Go
No. 3 0 0 0 1.0008 [ 0.9945 [ 0.9953 | \ ' . Go
No. 4 0 0 0 0.9984 | 1.0201 | 1.0185 Go
No. 5 0 0 0 1.0079 | 1.0072 | 1.0151 Go
No. 6 0 0 0 1.0309 | 0.9553 | 0.9849 Go
No. 1 1.34 213 10.82 | 1.0253 | 1.1233 | 1.1517 G
No. 2 2.19 1.49 9.62 1.0160 | 1.0721 | 1.0893 DefTCt G
No. 3 3.33 207 | 1027 | 09878 | 1.0854 | 1.0722 atrﬁa ess G
No. 4 3.79 197 | 10.86 | 0.9799 | 1.1218 | 1.0993 e?]:;r Gi
No. 5 0.94 1.42 10.76 | 1.0128 | 1.1125 | 1.1268 11325 G
No. 6 3.46 1.03 13.70 | 1.0056 | 1.0956 | 1.1018 G
No. 1 2.01 5.37 16.75 | 1.0532 | 1.1635 | 1.2254 Gz
No. 2 227 1.49 13.94 | 1.0151 | 1.1259 | 1.1430 Defect G2
No. 3 317 373 | 17.93 | 1.0066 | 1.1665 | 1.1742 a{ﬁ:ﬂ'ﬁs Gz
No. 4 1.97 3.31 1215 | 1.0122 | 1.1227 | 1.1364 equal Gz
No. 5 173 2.61 1458 | 1.0171 | 1.1483 | 1.1679 1165 Gz
No. 6 2.23 2.22 19.61 | 1.0308 | 1.1620 | 1.1977 Gz
No. 1 2.85 716 | 24.87 | 1.0643 | 1.2648 | 1.3461 Gs
No. 2 3.24 439 | 2225 | 1.0355 | 1.2096 | 1.2526 Defect Gs
No. 3 1.67 5.48 25.51 1.0412 1.2619 | 1.3139 area less G3
No. 4 2.84 457 | 2019 | 1.0165 | 1.2198 | 1.2399 | than or Gs
No. 5 1.81 4.59 19.44 | 1.0373 | 1.1929 | 1.2374 | equal 1/8S Gs
No. 6 3.15 6.10 | 27.25 | 1.0633 | 1.2331 | 1.3111 Gs
No. 1 1.88 15.00 | 38.22 | 1.1745 | 1.4082 | 1.6540 Ga
No. 2 2.83 10.27 | 30.73 | 1.1090 | 1.2741 | 1.4129 Defect Ga
No. 3 3.79 1469 | 42.97 | 1.1304 | 1.4875 | 1.6814 | arealess Gs
No. 4 5.32 12.38 | 2824 | 1.0819 | 1.2455 | 1.3475 | thanor Ga
No. 5 2.41 10.60 | 29.32 | 1.1009 | 1.2740 | 1.4025 | equal 1/4S Ga
No. 6 3.58 16.88 | 40.80 | 1.1973 | 1.3414 | 1.6061 Ga
No. 1 1341 | 3129 | 5349 | 1.2816 | 1.5122 | 1.9381 Gs
No. 2 1757 | 3264 | 55.09 | 1.2522 | 1.4755 | 1.8475 | Defect Gs
No. 3 1484 | 3296 | 5553 | 1.2713 | 1.4991 | 1.9059 | arealess Gs
No. 4 16.11 | 31.70 | 58.57 | 1.2263 | 1.6816 | 2.0621 | thanor Gs
No. 5 13.74 | 3212 | 52.99 | 1.2809 | 1.4542 | 1.8627 | equal 1/2S Gs
No. 6 1845 | 27.81 | 57.46 | 1.1647 | 1.6210 | 1.8879 Gs
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