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Analysis of Wood Vibration Energy Attenuation Based
on FFT Vibration Signal

Yuanyuan Miao, Minliang Zhong, Zhenbo Liu,* and Fengliang Sun

The internal friction energy loss of vibration is an important indicator
showing the vibrational performance of wood. This paper analyzed
vibration signals based on the fast Fourier transform spectrum. The
logarithmic average, logarithmic regression slope, and exponential
function fitting methods were used to calculate the attenuation coefficient
of friction energy of wood vibration in the full time and different time
periods. The correlations of & gained from different methods were
compared and analyzed. The results showed that the linear correlations
between different methods were significant in the entire period. The
values obtained using the logarithmic average and logarithmic regression
slope methods were similar. For different time periods, the rate of
amplitude decay decreased over time. The values obtained using the
logarithmic average method had the smallest fluctuation. In different time
periods, the logarithmic average and logarithmic regression slope
methods showed a significant linear correlation. However, the
exponential function fitting method showed a low correlation with the
logarithmic average and logarithmic regression slope methods.
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INTRODUCTION

The vibration attenuation coefficient of wood, ¢, is an important parameter of
wood vibrational energy attenuation. This coefficient not only represents the degree of
wood vibration energy attenuation but also has a crucial influence on wood vibration
performance (Norimoto 1982; Ono and Norimoto 1983; Norimoto et al. 1986; Li 1995;
Ilic 2001; Liu et al. 2005; Cui and Zhang 2006; Cui and Zhang 2009; Traore et al. 2010).
By studying the attenuation coefficient, some vibration parameters would be obtained,
such as vibration damping. Thereby, one can use nondestructive testing (NDT) to test
wood defects. Chinese scholars have made use of the attenuation coefficient to calculate
the wood vibration damping ratio. The number of knots in wood defects were determined
by analyzing the damping ratio (Shen 2001). By utilizing formula between the
attenuation coefficient and modulus of elasticity, one can calculate the modulus of
elasticity. Thereby, it is possible to evaluate and classify the mechanical properties of
wood (Kubojima et al. 1996, 1997; Shen and Liu 2001).

Based on previous research (Matsushita et al. 1984; Voichita 2005), the vibration
attenuation coefficient of wood is an important parameter that has some influence on the
accuracy of determination of other parameters in wood, such as damping ratio and
modulus of elasticity. At present, some scholars have analyzed the attenuation coefficient
in the entire time period only, which may be regarded as lacking in detail (Ono et al.
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1983; Norimoto et al. 1986; Bakary et al. 2010; Kazuya et al. 2010). Vibration energy
attenuation has two cases. One case represents linear processes of attenuation, whereas
the other case is for nonlinear attenuation. As such, analyzing the attenuation coefficient
over the entire time period only would enlarge the error of the resulting attenuation
coefficient, which directly affects the accuracy of the damping ratio and modulus of
elasticity. Piecewise analysis of vibrational energy could effectively reduce the error. It is
of great significance for research of vibration performance and NDT to use the right
method to analyze vibrational energy.

In this paper, a fast Fourier transform (FFT) analyzer was used to obtain the
material vibration image. Excel calculations were used to analyze the time domain signal.
Extracting the maximum and minimum values also means extracting the amplitude value.
The logarithmic average, logarithmic regression of slope, and exponential function fitting
methods were applied to compute the wood vibrational attenuation coefficient 4.
Simultaneously, the attenuation coefficient 0 was analyzed in different time periods.
Finally, the difference and correlation of the attenuation coefficient ¢ obtained using
different methods were compared and analyzed. By analyzing data from the entire time
period and different time periods, one can derive the optimal calculation method of data
of the attenuation coefficient ¢ in specific circumstances. This then allows analysis of the
damping ratio and modulus of elasticity or other parameters based on most accurate
attenuation coefficient ¢.

EXPERIMENTAL

Materials

Good acoustic properties were observed for two tree species used in this
experiment, namely, Picea jezoensis and Paulownia elongata S.Y. Hu. The samples were
cut from the heartwood of 45-year-old Picea jezoensis and 20-year-old Paulownia
elongata S.Y. Hu. They were dried to a moisture content of 12%, and conditioned at 20
°C and 65% relative humidity for 6 months before testing. A total of 66 specimens were
used in this study. The sizes of the tree species are shown in Table 1.

Table 1. Various Parameters of the Specimens

Specimens* Length Width Thickness Density
(cm) (cm) (cm) (9/cm?)
Picea jezoensis 300 29.923 2.984 1.034 0.458
Picea jezoensis 130 12.891 2.987 1.018 0.474
Paulownia elongata
SY Hu 300 31.965 3.290 1.022 0.253
Paulownia elongata
SY Hu 130 12.937 3.289 1.019 0.264

* Picea jezoensis 300, 300 mm Picea jezoensis; Picea jezoensis 130, 130 mm Picea jezoensis;
Paulownia elongata S.Y.Hu 300, 300 mm Paulownia elongata S.Y.Hu; Paulownia elongata S.Y.
Hu 130, 130 mm Paulownia elongata S.Y.Hu

Methods

The flexural vibration method was used in this work. Figure 1 shows that an
elastic string was used for hanging the specimen horizontally on the wave-type node of
clear lumber. Then, the node location was determined based on the theory of vibration.
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The vibrational mode of the fundamental wave (pseudo-primaries) was 0.224 times as
long as the specimen from the node to the end. Initially, a small wooden hammer was
used to knock on one end of the specimen or at its heart. A microphone was placed at the
other end of the specimen to receive the signal. After this signal passed through the
preamplifier and filter, the FFT analyzer was employed to process the time domain signal
and frequency domain signal during vibration of the specimen.

Wood could vibrate under an outer impact force or a periodic force. After the
external force disappeared, the damping vibration state commenced. The amplitude
increased with time, as attenuation follows the proximately negative exponential law.
When wood vibrates, vibrational energy would gradually decay because of internal
friction. Attenuation speed is an important indicator showing wood acoustic vibration
performance. In this research, the logarithmic average, logarithmic regression of slope,
and exponential function fitting methods were applied to compute the wood vibrational
energy attenuation coefficient.

To compute the internal friction index of wood vibrational energy, obtaining the
amplitude value is critical. For each cycle of the original time domain data, the amplitude
increases with time, as attenuation follows the proximately negative exponential law
incompletely. As such, the attenuation coefficient of the vibration signal initially
computed was inaccurate. Therefore, data preprocessing was required. The moving
average method was used for data preprocessing of the amplitude value, with the
following calculation formula,

A=t S (D

2n+1.57,

[ ]

? mike

where n is the number of moving points.

pre-amplifier

FT Analyzer]—R&sonance Frequency |
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parameters about
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Fig. 1. Wood vibration characteristic parameter test device

Logarithmic average method of the attenuation coefficient
(1) The logarithmic ratio of the specific value of the adjacent amplitude value
after data preprocessing was computed as follows:
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A
In—L, In =2, <=+ , In =L

)

(2) The amplitude value would be the average value of all logarithmic ratios that
were obtained:

5A:1(|ni+|ni+ ...... |nh):1|ni (3)
n Aon A
Logarithmic regression of slope method of the attenuation coefficient
(1) The logarithmic of each amplitude value ratio after data preprocessing was
computed as follows:

Ini,lni,..., Ini 4)
A A,
(2) The quantities {1, 2, ..., n-1} were set as the independent variable and the
quantities{ In % In % ey In %}were set as the dependent variable. As such, the

slope of the regression equations is the attenuation coefficient 5, of the logarithmic
value.

X;Y; —nXy
5L: ii]_ (5)
_ X2 —nx’
= Avyisfin 2 o A A
xi={1,2, ...,n-1}; yi={In A’ In A In An} (6)
Ini+lnﬁ+...+lnAl InL
;(:1+2+...+n—1zﬂ; 9: A, A, A, _ AA; LA, )
n-1 2 n-1 n-1

Exponential function fitting method of the attenuation coefficient

Again the quantities {1, 2, ..., n} served as the independent variable. Then, the
preprocessed amplitude value {A1, Az, ..., An}were set as the dependent variables. These
variables were computed on the basis of the exponential function, as follows:

y =axe™ (8)
S Xy, ~ Xy
S =5 ©)

n
—2
> % —nx
i=1

Xi={1,2,...,n}; Vi={In Az, In Az,..., In An}

1+2+..4n _ n+1; y- INA +InA, +...+In A, _ InAA,.. A (10)
n 2 n n

X =
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Calculated in sections method of the attenuation coefficient

The vibrational time domain signal was divided into two or three phases based on
time. Then, the corresponding attenuation coefficient was computed. A period of 0.04 s
was devoted to data acquisition in the test for the 130 mm specimens. Time was divided
into three phases, namely, 0.00 s to 0.01 s, 0.01 s to 0.02 s, and 0.02 s to 0.03 s. A period
of 0.08 s was spent on data acquisition in the test for the 300 mm specimens. Time was
divided into two phases, namely, 0.00 s to 0.04 s and 0.04 s to 0.08 s. The logarithmic
average, logarithmic regression of slope, and exponential function fitting methods were
applied to compute the wood vibrational attenuation coefficient in different time periods.

RESULTS AND DISCUSSION

Average Value of the Attenuation Coefficient by Different Computational
Methods

Table 2 shows that the attenuation coefficient of Paulownia elongata S. Y. Hu
was greater than that of P. jezoensis, and the attenuation coefficient of 130 mm
specimens was greater than that of 300 mm specimens. Tables 3 and 4 show the average
value of the attenuation coefficient in different time periods. The tables show that the rate
of amplitude decay of different specimens decreased over time. The values obtained
using the logarithmic average method had the smallest fluctuation.

Table 2. Average Value of the Attenuation Coefficient by Different Computational
Methods

L Logarithmic regression of Exponential function
Logarithmic average slope fitting
Specimens Attenuation Standard Attenuation Standard | Attenuation |Standard
Coefficient(dao) | Deviation | Coefficient(d.o) | Deviation |Coefficient(dso) | Deviation
Picea
jezoensis 0.0194 0.0025 0.0226 0.0017 0.0194 0.0025
300
Picea
jezoensis 0.0397 0.0103 0.0393 0.0099 0.0396 0.0102
130
Paulownia
g":(”aita 0.0232 0.0062 0.0282 0.0067 0.0231 0.0062
300
Paulownia
g'%”a%ta 0.0470 0.0089 0.0469 0.0104 0.0464 0.0093
130
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Table 3. Average Value of the Attenuation Coefficient in Different Time Periods
(130 mm Specimens)

. . . Paulownia elongata
. Picea jezoensis 130 S.Y Hu 1309
Specimens . :

Attenuation | Standard | Attenuation | Standard

Coefficient | Deviation | Coefficient | Deviation
Exponential | 0s1 0.00st00.01s 0.0061 0.0111 0.0072 0.0131
function 0s2 0.01st00.02s 0.0018 0.0102 0.0022 0.0100
fitting Os3 0.0251t00.03 s 0.0006 0.0102 0.0002 0.0142
Logarithmic Oa1 0.00st00.01s 0.0395 0.0019 0.0482 0.0020
average On2 0.01st00.02s 0.0393 0.0006 0.0469 0.0007
On3 0.02st00.03s 0.0390 0.0003 0.0467 0.0022
Logarithmic oL 0.00st00.01s 0.0407 0.0109 0.0482 0.0120
regression of | o2 0.01st00.02s 0.0389 0.0104 0.0474 0.0103
slope OL3 0.02st00.03s 0.0388 0.0102 0.0463 0.0118

Table 4. Average Value of the Attenuation Coefficient in Different Time Periods
(300 mm Specimens)

. . . Paulownia elongata
Specimens Picea Jfazoen5|s 300 S.Y.Hu 300

Attenuation | Standard | Attenuation | Standard

Coefficient | Deviation | Coefficient | Deviation
Exponential O0s1 | 0.00s1t00.04s 0.0025 0.0028 0.0025 0.0036
function fitting O0s2 | 0.04st00.08s 0.0014 0.0014 0.0016 0.0080
Logarithmic Oa1 | 0.00st00.04s 0.0223 0.0006 0.0265 0.0007
average Oa2 | 0.04st00.08s 0.0233 0.0002 0.0316 0.0006
Logarithmic o1 | 0.00st00.04s 0.0180 0.0022 0.0208 0.0036
regression of slope | 6,2 | 0.04st00.08 s 0.0122 0.0025 0.0162 0.0156

Correlational Analysis of the Attenuation Coefficient by Different
Computational Methods
Correlation analysis of the attenuation coefficient in the entire period

The logarithmic average, logarithmic regression of slope, and exponential
function fitting methods were used to calculate the wood vibrational energy attenuation
coefficient for 33 P. jezoensis specimens and 33 P. elongata S.Y.Hu specimens. The
quantities Js, da, and oL were regarded as the corresponding attenuation coefficients. The
one-variable linear regression equation was used to solve the question of the correlation
analysis of the attenuation coefficient.

Figures 2 and 3 show that ds, da, and J. represented the linear correlations in these
specimens. These attenuation coefficient values showed significant correlation, with
values greater than 0.9. The correlation coefficient values of P. jezoensis were greater
than those of P. elongata S.Y.Hu. For P. elongata S.Y.Hu, the correlation coefficients of
da and oL were highest (R? = 0.9664), and the correlation coefficients of ds and Ja were
lowest (R? = 0.9190). For P. jezoensis, the correlation coefficients of Js and 5. were
highest (R? = 0.9997), and the correlation coefficients of Js and Ja were lowest (R? =
0.9741). Taking these factors into account and given that the correlation coefficients of ds
and oL were closer to 1, the differences and correlations of the attenuation coefficients of
oa and o were compared and analyzed.
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Fig. 2. Correlation analysis of da. &L and &s for Paulownia elongata S.Y.Hu
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Fig. 3. Correlation analysis of 6a. 6. and &sfor P. jezoensis

Correlation analysis of da and d. in different time periods

Using different bandwidths to determine vibration signal in the experiment, the
130 mm specimens were different from the 300 mm specimens with regard to the
vibration signals obtained during different time periods of data acquisition. For more
scientific results, different attenuation coefficients were compared using different lengths
of specimens. A time period of 0.04 s was employed for data acquisition in the test for
the 130 mm specimens. The specimens were compared and analyzed values for three
time periods. A period of 0.04 s was used for data acquisition in the test for the 300 mm
specimens. Data were then compared and analyzed values for two time periods, namely,
0.00 s t0 0.04 s and 0.04 s to 0.08 s.

Figures 4 to 7 show that da and oL represented the linear correlations in these
specimens in different time periods. The smallest correlation coefficients were obtained
in the 0.02 s to 0.03 s period of the 130 mm P. elongata S.Y.Hu, 0.00 s to 0.04 s period
of the 300 mm P. elongata S.Y.Hu, and 0.00 s to 0.04 s period of the 300 mm P.
jezoensis. The other correlation coefficient values were greater than 0.9. In the 0.02 s to
0.03 s period, the correlation coefficient of the 130 mm P. elongata S.Y.Hu was lower
than that of the 130 mm P. elongata S.Y.Hu.
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Fig. 5. Correlation analysis of 6, and &, for the 130 mm P. jezoensis
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Fig. 6. Correlation analysis of 64 and & for Fig. 7. Correlation analysis of dx and &, for the
the 300 mm Paulownia elongata S.Y. Hu 300 mm P. jezoensis

The other correlation coefficient values were similar in other time periods.
Different tree species have different attenuation amplitudes. The 300 mm P. elongata
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S.Y. Hu and 300 mm P. jezoensis had low correlation coefficients (R?> = 0.52 to 0.60) for
oa and oL. These results show that the attenuation image was significantly changed at the
initial stage. As such, a suitable computational method had to be selected.

CONCLUSIONS

The logarithmic average, logarithmic regression of slope, and exponential

function fitting methods were used to calculate the wood vibrational energy attenuation
coefficient of friction energy in the full time and different time periods. By analyzing
these different attenuation coefficients, the following conclusions could be drawn:

L.

Generally, considering the average value of the attenuation coefficient obtained using
the three methods, da was similar to Js, whereas J. was significantly different from
the other two values. For the entire period, the logarithmic average method was
selected as the most suitable way to compute the attenuation coefficient when the
vibration image shows a linear correlation.

For the entire time period, values computed using the exponential function fitting,
logarithmic average, and logarithmic regression of slope methods had significant
correlation coefficient values close to 1. This result showed slight differences
between these three methods.

By comparing and analyzing the correlation coefficient values, a significant change
was observed in the vibration signal of time domain at the initial stage. For the
nonlinear vibration signal, the logarithmic regression of slope or exponential function
fitting method should be selected. For the linear vibration signal, the logarithmic
average method is recommended.
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