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Abstract 
 
For the detection of the impact location in a pipeline system, the correlation method has been the conventional method. For the appli-

cation of the correlation method, the diameter of a duct should be small so that the acoustic wave inside the duct can propagate with non-
dispersive characteristics, in the form of, for example, a plane wave. This correlation method calculates the cross-correlation between 
acoustic waves measured at two acceleration sensors attached to a buried duct. It also gives information about the arrival time delay of an 
acoustic wave between two sensors. These arrival time delays are used for the estimation of the impact location. However, when the 
diameter of the duct is large, the acoustic waves inside the duct propagate with dispersive characteristics owing to the reflection of the 
acoustic wave off of the wall of the duct. This dispersive characteristic is related to the acoustic modes inside a duct. Therefore, the corre-
lation method does not work correctly for the detection of the impact location. This paper proposes new methods of accurately measuring 
the arrival time delay between two sensors attached to duct line system. This method is based on the time-frequency analyses of the short 
time Fourier transform (STFT) and continuous wavelet transform (CWT). These methods can discriminate direct waves (non-dispersive 
waves) and reflective waves (dispersive waves) from the measured wave signals through the time-frequency analysis. The direct wave or 
the reflective wave is used to estimate the arrival time delay. This delay is used for the identification of the impact location. This system-
atic method can predict the impact location due to the impact forces of construction equipment with more accuracy than the correlation 
method. 
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1. Introduction 

In a buried gas duct, the impact force by a construction ma-
chine is often a cause of duct damage and gas leakage. Gas 
leakage induces many serious problems, such as explosions, 
energy loss and environmental pollution. Therefore, early 
detection of an impact location is an important task. When an 
impact force excites a buried duct, an elastic wave is gener-
ated on the surface of the duct that excites the gas inside the 
duct. The elastic wave is attenuated by the damping of the soil 
around a buried duct [1], but the excited gas generates an 
acoustic wave that propagates in the downstream direction, as 
shown in Fig. 1. 

There have been many theoretical and experimental studies 
of gas leakage problems in pipeline systems [1-3]. In these 
investigations, in order to detect a gas leak in a pipeline sys-
tem, the correlation method [4] was typically used as a con-

ventional method. This method uses the arrival time delay of 
the acoustic waves propagating inside a pipe. The arrival time 
delay of acoustic waves is measured by two sensors attached 
to the surface of the pipeline. In this case, the acoustic wave of 
the gas inside a pipeline is regarded as a plane wave which 
propagates only in the axial direction because the propagation 
of a wave in the radial direction can be neglected when the 
diameter of the pipe is small. Therefore, measuring the arrival 
time delay of an acoustic wave between two sensors is 
straightforward because the phase speed of an acoustic wave 
with the characteristics of a plane wave is constant and is not 
dependent on the frequency. The impact location is predicted 
using the measured arrival time delay and the known distance 
between two sensors. However, in the case of a duct with a 
large diameter, the acoustic wave propagates not only in the 
axial direction but also in the radial direction. The wave that 
propagates in the axial direction does not reflect, but the wave 
in the radial direction reflects off of the wall of the duct. The 
former is a direct wave with non-dispersive characteristics. 
The latter is a reflective wave with dispersive characteristics. 
The direct wave has a constant phase speed. The phase speed 
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of the reflective wave is dependent on the frequency. This 
dispersive wave propagation is related to the acoustic cavity 
modes and cut off frequencies which are determined by the 
geometry of the duct. For a duct line system with a large di-
ameter, a correlation method based on the plane wave cannot 
predict the impact location in a duct system. The present study 
proposes new methods to predict the impact location in a duct 
line gas supply system. The proposed methods are based on 
the time-frequency method which estimates the arrival time 
delay of an acoustic wave between two sensors attached to the 
duct line. This time delay can be used for the prediction of the 
impact location with a high level of accuracy. The time-
frequency method can identify the dispersive characteristics of 
an acoustic wave in the time-frequency domain and discrimi-
nate between the reflective wave with its dispersive property 
and the direct wave with its non-dispersive property.  

In this paper, STFT and CWT are considered using the time 
frequency method. STFT does not have good time resolution 
but has good frequency resolution depending on the signal. 
CWT has good time resolution, although it has a wide fre-
quency resolution at a high frequency. Therefore, STFT was 
initially used to discriminate between a direct wave and a re-
flective wave, as the frequency resolution is important in this 
discrimination. As a subsequent step, CWT was used to esti-
mate the arrival time delay of the direct wave, and STFT was 
used to estimate the arrival time delay of the reflective direct 
wave. These two different methods are carefully applied to a 
laboratory test for validation and successfully applied to an 
actual duct line system with greater accuracy than the correla-
tion method. In particular, if the pipe is embedded partially 
within a very wet soil or it is partially or fully exposed to the 
water, the wave propagation within the pipe system containing 
some amount of dense gases or fluid will be very different 
than that was stated in this paper. In section 2, the dispersive 
phenomenon in duct acoustics is assessed by acoustic theory 
and in experiments. In section 3, new methods are developed 
for the prediction of the impact location. In section 4, the cor-
relation method is briefly explained for a comparison with the 
proposed method. In section 5, this method is applied to an 
actual duct system. In the last section, the results are discussed 
with conclusions. 

2. Acoustic wave in a duct 

2.1 Theory of wave propagation in a circular duct 

The linear, three-dimensional, lossless, homogeneous wave 
equation in the cylindrical coordinate system [5-7] is given by  
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where ( )t,φ r  is the velocity potential at time t and position 

( , , )r zθ=r  and c is the speed of sound. If a duct has a circular 
cross-section, the inside wall of the duct is ideal rigid and the 
length of the duct is infinite in the z-direction, the velocity 
potential of the time-harmonic eigenfunctions is  
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In Eq. (2), kzmn is the axial wave number and krmn is the ra-
dial wave number.  

They can be specified by ordered integers (m,n). For the cy-
lindrical waveguide with the coordination shown in Fig. 2, the 
wave number k is related to the axial number kzmn and the ra-
dial wave number krmn through the following equation: 

 
2 2 , , 0,1,2,...zmn rmnk k k m n= − =   (3) 

 
As the normal component of velocity vector must be equal 

to zero on the rigid boundary at ar = , from Eq. (2), 
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Here, for a given value of integer m, n, there are infinitely 

many values of kzmna that will satisfy Eq. (4). Thus, the radial 
wave number is given by 
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and the cut off frequency frmn is given by 
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Fig. 1. Propagation process of the acoustic wave generated by the
impact excitation of construction machinery. 

 
 
Fig. 2. Boundary condition and cylindrical axis for an acoustic wave 
analysis of a duct. 
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where mnj′ is the extremum of the first kind of Bessel func-
tions. Substituting Eq. (5) and Eq. (6) into Eq. (3), the axial 
wave number becomes 
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From Eq. (2), the normal acoustic modes associated with cut 
off frequencies frmn are given by 
 

( )cos( )mn m rmnJ k r mφ θ= , ( )0 r a< < .  (8) 
 

In Eq. (8), the integer m determines the number of radial 
nodal lines, and the second integer n determines the number of 
azimuthally nodal lines. In Eq. (7), if the driving fre-
quency f is high enough, rmnf f>  and 0zmnk > , the acous-
tic wave with the (m, n) mode shape propagates downstream 
along the waveguide of the duct. All modes with cut-off fre-
quencies below the driving frequency f can propagate energy 
and can be seen at large distances. At the cut-off frequency, 

rmnf f=  and 0zmnk = , there is no longitudinal acoustic wave 
motion. If the driving frequency f is low enough, rmnf f<  
and 0zmnk < , zmnk  must be pure imaginary, the acoustic 
wave with the (m, n) mode shape does not propagate and its 
amplitude decays exponentially. The axial wave number 

zmnk  given in Eq. (3) is used for the expression of the acous-
tical propagation without considering the flow of the fluid in a 
duct. However, when the fluid flows with constant velocity V 
along the duct, it should be modified. The modified axial 
wave number is given by [8], 
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where M is the Mach number expressed as M = V/c. The 
modified cut-off frequency is 21rmn rmnf f M′ = − and the 
modified axial wave number is 21rmn rmnk k M′ = − . The only 
difference from the cut-off frequency frmn is the effect of the 
Mach number. However, if the flow speed V is small, the 
Mach number is small and the effect of the flow can therefore 
be neglected. The phase speed of an acoustic mode is ob-
served in Eq. (3) to be 
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and is clearly not equal to c. The phase speed is dependent on 
the cut-off frequency frmn. Therefore, the acoustic wave inside 
the duct propagates downstream with continual reflection off 
of the walls. Thus, the group speed cg at which speed energy 
moves in the z direction is given by the component of the 
plane wave velocity c along the waveguide axis z: 
 

21 ( / )g rmnc c f f= − .  (11) 
 

This reflective effect of the wall becomes the cause of the 
dispersive phenomenon of the acoustic wave propagation 
inside the duct. 

 
2.2 Experimental validation for theory of wave propagation 

When an impact force excites a circular duct, as shown in 
Fig. 3, the impact location can be identified using the arrival 
time delay between two sensors attached to the circular duct. 
The arrival time delay is obtained by dividing the distance 
between the two sensors by the group speed of the acoustic 
wave inside the duct. If the acoustic wave inside the duct is a 
plane wave, the phase speed and the group speed of the acous-
tic wave are equal to the sound speed of the gas inside the 
circular duct. If the diameter of the duct is small enough, the 
acoustic wave inside the duct is regarded as a plane wave. 
However, if the diameter is large enough, the acoustic modes 
of the duct influence the wave propagation inside the duct 
waveguide.  

Two types of wave propagations exist inside a duct. The 
first is the propagation of a direct wave, and the second is the 
propagation of a reflective wave. The phase speed of the direct 
wave is constant and equal to the speed of sound for the gas 
inside a circular duct. The direct wave is not affected by the 
reflection of the acoustic wave off of the wall. The direct wave 
is also not dependent on the cut-off frequency and thus the 
non-dispersive wave. Its acoustic mode is related to the (0,0) 
mode among an infinite number of (m, n) modes. On the other 
hand, the phase speed of the reflective wave is affected by the 
reflection of the acoustic wave off of the wall. This speed is 
obtained through Eq. (10). The reflective wave is dependent 
on the cut-off frequency and thus becomes a dispersive wave. 
The phase speed of the reflective wave is affected by the 
acoustic mode on the order of (m, n). Therefore, the group 
speed of the reflective wave as well is not constant and de-
pendent on the cut-off frequency. It is obtained through Eq. 
(11). In this section, the cut-off frequencies frmn, acoustic 
modes, the phase speed cp and the group speed cg are calcu-
lated by the theoretical method discussed in the previous sec-
tion. They are also estimated by a measurement method based 
on the time-frequency method. The results obtained by both 
methods are compared to validate the theoretical results. 
Through this experimental validation, the dispersive phe-
nomenon of the acoustic wave in a circular duct was identified, 
and the reflective and direct waves were discriminated. Fig. 3 
shows the geometric dimensions of the duct used in this test. 

 
Fig. 3. Geometry of the cylinder duct used in this research and location
of the acoustic source and two microphones. 
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The inside diameter of the duct is 106mm, the thickness is 
4mm and the length is 1570mm. The cut-off frequencies frmn 
of the test duct were theoretically calculated using Eq. (6). 
These are listed in Table 1. The acoustic mode shapes of the 
circular duct related to the cut-off frequency frmn were obtained 
using Eq. (8), as illustrated in Fig. 4. Using Eq. (10) and Eq. 
(11), the phase speed cp and the group speed cg were also theo-
retically calculated. The Mach number is not considered in 
this validation test. The sound speed of air used in this calcula-
tion is 340m/s. The group and phase speeds were calculated 
theoretically. 

These are plotted in Fig. 5. These results show that the 
sound speed of the direct wave related to the (0,0) mode, 
which is propagated down without a reflection process on the 
wall of the waveguide, is 340 m/s. The curves above and be-
low the (0,0) mode respectively show the phase speed and the 
group speed of the reflective waves related to the (m, n) order 
mode. To validate the analytically calculated cut-off frequen-
cies listed in Table 1 and the two types of speeds, experimen-
tal work proceeds with a circular duct waveguide, as shown in 
Fig. 3. 

The duct was installed in the full anechoic chamber shown 
in Fig. 6, and two microphones were inserted into the duct to 
measure the sound pressure inside it. A sound with a fre-
quency-modulated signal was generated by a specially de-
signed loudspeaker in the middle of the duct. The frequency of 
the modulated signal was increased from 100Hz to 5 kHz 
during a very short time. Two microphones were located at d1 
= 540mm and d2 = 630mm from the loudspeaker, respectively.  

The sound pressures measured using these two micro-
phones were analyzed by signal processing technology. The 
traditional method for measuring the cut-off frequencies re-

lated to acoustic modes in a duct is to use the power spectrum 
density (PSD) [9]. This result is shown in Fig. 7. The power 
spectral density function Sxx (f) for sound press signal x is de-
fined by 
 

2( )
( ) lim T

xx T

E X f
S f

T→∞

⎡ ⎤⎣ ⎦= ,  (12) 

 
where XT (f) is the Fourier transform of signal x and T is the 
averaging time. According to a PSD analysis of signal x, the 
PSD cannot show the dispersive phenomenon of the wave, 
although the information pertaining to the three cut-off fre-
quencies is roughly presented. 

To observe the dispersive phenomenon, a time-frequency 
analysis was applied to sound press signal x. The time fre-
quency method used in this test was STFT. The STFT for 
sound press signal x is defined by [10], 
 

( ) ( ) ( )* 2, j f
xS f t x h t e dπ ττ τ τ

∞ −

−∞
= −∫ ,   (13) 

 
where h (t) is a short window function. Fig. 8 shows the STFT 
results of the data measured by the two microphones. 

The process for the identification of the acoustic modes in a 
duct is explained through the analysis of an image plot, as 
shown in Fig. 8. In this figure, the horizontal axis represents 
the time and the vertical axis is the frequency. The solid lines 
of the center part in each map correspond to the peak ampli-
tude, which refers to the distribution of the acoustic energy 

Table 1. Theoretical cut-off frequencies frmn (Hz) of a steel pipe (diame-
ter =106 mm, sound speed for the laboratory air =343.4m/s). 
 

n / m 0 1 2 3 4 
0 0.00 3878.3 7108.6 10298.3 13488.1
1 1863.2 5397.2 8647.7 11857.7 15047.5
2 3088.4 6794.6 10095.8 13336.2 16556.3
3 4253.0 8121.2 11493.2 14774.1 18014.5
4 5387.1 9397.1 12840.0 16161.4 19442.3

 

 
 
Fig. 4. Mode shapes and frequencies associated with the (m, n) mode 
for the acoustic cavity of the cylinder duct used in this research. 

 
 
Fig. 5. Behavior of the group and phase speeds as function of the fre-
quency for the three cavity modes in the duct waveguide used in this
research. 

 

 
 
Fig. 6. Photograph of the test duct installed in the full anechoic cham-
ber for the investigation of the acoustic propagation characteristics. 
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due to the propagation of the wave. The cut-off frequencies 
for mode (1,0), mode (2,0) and mode (0,1) were determined to 
be 1940Hz, 3175Hz and 3950 Hz, respectively. There are 
slight differences among these results (calculated results are 
listed in Table 1). These differences average approximately 

3.8% due to the use of the time-frequency resolution of the 
STFT method [11]. However, the dispersive phenomenon can 
be determined through the STFT results. In Figs. 8(a) and (b), 
the time difference between the starting point of the signal and 
the solid line representing the dispersive curves is the arrival 
time of the waves generated by the impact source inside the 
duct from the impact location to each sensor. By dividing the 
distance from the impact point to the sensor by this time dif-
ference, the group velocity associated with each (m, n) mode 
can be estimated. These results are plotted in a comparison 
with the theoretical results, as shown in Fig. 9.  

From these results, the dispersive phenomenon due to the 
reflection off of the rigid wall was identified at each acoustic 
mode. The trends of the experimental results correspond very 
well to the theoretical results. Some of the difference between 
the theoretical results and the measured results at high-order 
modes is caused by the time resolution problem in the STFT 
method, as mentioned earlier. With this approach, there is 
some difficulty in estimating the phase speed of the direct 
wave because the time resolution of the vertical line that 
represents the arrival time of the direct wave associated with 
the (0,0) mode is too wide, as shown in Figs. 8(a) and (b). 
Therefore, a time frequency method with good time resolution 
is necessary for the estimation of the phase speed of the direct 
wave associated with the (0,0) mode. To overcome the afore-
mentioned problems, the CWT is utilized. These results are 
presented in the next section. 
 

3. Identification of impact location based on time-
frequency method 

In the previous section, an acoustical theory for wave prop-
agation in a duct was investigated and validated through novel 
experimental work. The dispersive characteristic, cut-off fre-
quencies and the speeds of the wave were experimentally 
identified. In this section, two methods are developed to pre-
dict the impact location. The first method involves the use of a 
non-dispersive direct wave based on the wavelet transform, 
and the second method involves the use of a dispersive wave 
based on the STFT method. These two prediction methods are 
compared with the correlation method.  

 
 
Fig. 7. Power spectrum density analysis for the sound pressure signals 
measured using two microphones: (a) Sensor 1 at position d1, (b) Sen-
sor 2 at position d2. 

 
 

 
(a) 

 
(b) 

 
Fig. 8. Short time Fourier transform for the measured sound pressure
signals using two microphones: (a) Sensor 1 at position d1, (b) Sensor 2 
at position d2. 

 
 
Fig. 9. Comparison between the calculated wave speeds and the meas-
ured wave speeds. 
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3.1 Prediction of Impact Location based on CWT of the di-
rect wave 

In the prediction of the impact location in a buried duct us-
ing two sensors, the speed of wave c and arrival time delay τ 
between two sensors are required. The distances d1 and d2 
from the impact location to both sensors can then be identified 
using the equation below: 
 

1,2 1 2,          ( )
2

d cd d dτ
= <

m .  (14) 

 
Here, d is the distance between the two sensors and the 

known value. The speed of wave c is generally the sound 
speed of a plane wave. When reflective waves are used, as in 
Eq. (14), the sound of speed c is replaced by the group speed 
cg of the reflective waves associated with the (m, n) mode. In a 
duct, the direct wave is non-dispersive and its sound speed is 
identical to the speed of sound of the (0, 0) mode. To measure 
the arrival time delay of the direct wave at two sensors, the 
peak line representing the arrival time of the wave associated 
with the (0,0) mode in the time-frequency domain must be 
narrow. However, with the STFT method, the peak lines re-
lated to the (0,0) mode have a wide band resolution, as shown 
in the Figs. 8(a) and (b). This wide time resolution cannot 
predict the arrival time precisely. In this section, the CWT 
with good time resolution is employed. The CWT is based 
upon a family of functions [12],  
 

1( ) ,t - bt      a b 
aa

⎛ ⎞= > ∈ℜ⎜ ⎟
⎝ ⎠

a,bψ ψ  , (15) 

 
where ψ  is a fixed function, known as the “mother wavelet,” 
that is localized both in time and frequency. The function 
ψ a,b (t) is obtained by applying the operations of shifting (b- 

translation) in the time domain and scaling in the frequency 
domain (a-dilation) to the mother wavelet. The mother wave-
let used throughout this paper is the Morlet wavelet [12], 
 

2
0 ( / )1( ) j t t Bt e

B
ω

π
−=ψ ,  (16) 

 
where ω0 is the center frequency of the mother wavelet and B 
is the bandwidth defined as the variances of the Fourier trans-
form Ψ (f) of the Morlet wavelet: 
 

2 *( )B f f df   Ψ
+∞

−∞
= ∫ .  (17) 

 
The CWT of a signal x (t) is defined by 

 
1( ) ( ) ( ) ( ) ,x

t bW a,b x t t dt x t dt     
aa

+∞ +∞

−∞ −∞

−⎛ ⎞= = ⎜ ⎟
⎝ ⎠∫ ∫ψ * *

a,bψ ψ   (18) 

 
where ( )⋅*ψ  is the complex conjugate of ( )⋅ψ  . Addition-
ally, the function x(t) satisfies the following condition:  

 
           (a) 

 

 
           (b) 

 

      
           (c) 

 

     
          (d) 

 
Fig. 10. Estimation of the arrival time delay between two sensors using
a direct wave based on wavelet transforms: (a) wavelet transform for 
the direct wave measured by sensor 1, (b) wavelet transform for the
direct wave measured by sensor 2, (c) the wave front of the direct
wave, (d) the estimated sound speed of the direct wave and the reflec-
tive wave with the (1,0) mode. 
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Here, ( )a,b tψ  plays a role analogous to ejωt in the definition of 
the Fourier transform.  

If the mother wavelet, ( )tψ  , satisfies the admissibility 
condition, then 
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The inverse wavelet transform can be obtained by solving 

the following equation: 
 

, 2
1( ) ( ) ( )x a b

dbdax t W a,b t
C a

+∞ +∞

−∞ −∞
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ψ
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An alternative formulation of the CWT, Eq. (18), can be ob-

tained by expressing x(t) and ( )tψ   via their Fourier trans-
forms X (ω) and Ψ (ω), respectively: 
 

*( ) ( ) ( )  j b
xW a,b a X a e ωω Ψ ω ω

+∞

−∞
= ∫ψ d .  (22) 

 
The relationship between the scale parameter a and fre-

quency ω can be expressed as [13, 14]:  
 

0a ω
ω

= ,  (23) 

 
where is the center frequency of the mother wavelet (see (15)). 
In terms of signal processing, a wavelet basis generates a con-
stant-Q octave-band or octave band filter bank structure [15, 
16]. Therefore, the frequency resolution is good at low fre-
quencies and the time resolution is good at all frequencies. 
Therefore, the wavelet transform is a better solution for a 
time-frequency analysis of impact signals with a high fre-
quency component [17-19]. For the wavelet analysis of the 
signal measured through the two microphones, the Morlet 
wavelet was used for the mother wavelet. 

To obtain a direct wave that does not contain the effect of a 
dispersive wave, a band pass filter (BPF) was applied to the 
measured signal before the wavelet transform. The frequency 
band of the BPF was selected using the STFT results, as 
shown in Fig. 8. To obtain a pure direct wave, the frequency 
component between an arbitrary (m, n) mode should be used 
as the frequency bandwidth of the BPF. In this paper, a fil-
tered wave containing a frequency component between the 
(1,0), and (2,0) modes was selected as the direct wave. The 
selected frequency band was therefore located between 2000 
Hz and 3000Hz. The wavelet transform was applied to the 
filtered wave. Figs. 10(a) and (b) show the results of the wave-
let transform for filtered waves of two signals measured by 
sensor 1 and sensor 2, respectively. The contour map and im-

age analysis of the waves in the time-frequency space are 
shown in the center part. In the figures, the horizontal axis 
represents the time and the vertical axis represents the fre-
quency. The dashed lines in the center part in each map corre-
spond to the peak amplitude; these are plotted together in Fig. 
10(c). The time difference shown in Fig. 10(c) becomes the 
arrival time delay τ between the two sensors. The time delay is 
about 350microsecond. The sound speed corresponding to this 
arrival time delay was calculated and the results plotted, as 
shown in Fig. 10(d). According to these results, the phase 
speed of the direct waves associated with the (0,0) mode is 
approximately 343± 2m/s. The group speed and phase speed 
of the (1,0) mode calculated theoretically using Eq. (11) are 
also plotted together with the speed of the direct wave. As the 
phase speed of the direct waves is identical to the sound speed 
of air in an anechoic chamber, it is 343m/s at 20°C. These 
results allow the conclusion that the arrival time delay τ of an 
acoustic wave due to an acoustic source can be estimated pre-
cisely using the CWT instead of the STFT. With this meas-
ured arrival time delay τ and the sound speed c of the fluid in 
the duct, the locations d1 and d2 are determined using Eq. (14). 
Fig. 11 shows the location of the acoustic source loudspeaker 
from sensor 1 and sensor 2. According to these results, the 
estimation of the acoustic source by the time-frequency 
method is effective considering that the distance errors are 
0.6%. The average error is 1mm and the maximum error is 
4.2mm for distance d1 and distance d2.  
 
3.2 Prediction of the Impact Location based on the STFT of 

the reflective wave 

There are many reflective waves with the (m, n) mode, as 
shown in Figs. 8(a) and (b). Among these modes, the reflec-
tive wave of the (1, 0) mode has been used to estimate the 
arrival time delay τ. 

In Figs. 8(a) and (b), the horizontal axis represents the time 
and the vertical axis represents the frequency. The curved 
lines corresponding to the peak amplitude of the (1,0) mode 

 
(a) 

 
(b) 

 
Fig. 11. Detection of the acoustic source location via time-frequency 
based on the CWT method: (a) distance d1 of sensor 1, (b) distance d2

of sensor 2. 
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are plotted in the same time-frequency domain, as shown in 
Fig. 12. 

The time difference between both lines becomes the arrival 
time delay τ between the two sensors. The time delay τ de-
pends on the frequency, as the group speed depends on the 
frequency. The group speed and phase speed of the (1,0) mode 
were calculated theoretically using Eq. (11). These results are 
plotted in Fig. 9. The group speeds of the (1,0) mode and the 
time delay τ are used for the prediction of distances d1 and d2 
from the impact location. Fig. 13 shows a comparison of the 
predicted distance and the true distance. According to these 
results, the impact locations predicted by the CWT method 
mode correspond very well to the true impact locations. The 
prediction error of the impact location is less than 1%. 
 

4. Correlation method 

As with the conventional method, the cross-correlation for 
the raw signals measured from the two sensors was used for 
the detection of the source location. In this study, a cross-
correlation of the filtered signals was investigated and com-
pared with the time-frequency method for the detection of the 

impact location. The frequency band of the filter was selected 
using the PSD method for raw signals. From Fig. 7, the fre-
quency band containing the three major modes is determined. 
The frequency band between 1,900 Hz and 5,000Hz was se-
lected for the filtering of the raw data [1, 4]. The cross-
correlation function is given by 
 

1 2 1 2( ) [ ( ), ( )]s sR E s t s tτ τ= + .  (24) 
 

Here, 1( )s t  and 2 ( )s t  are the acoustic signals of sensor 1 
and sensor 2, respectively, and τ  is the time delay. To nor-
malize the value of Eq. (24), the maximum auto-correlation 
data was used. Eq. (24) is the normalized cross-correlation 
function. 
 

1 2
1 2

1 1 2 2

( )
( )

(0), (0)
s s

s s
s s s s

R

R R

τ
ρ τ = .  (25) 

 
In this equation, 

1 1
(0)s sR and 

2 2
(0)s sR are the auto-

correlation maximum values. The distance d1 is calculated 
using Eq. (14). In this test, two distances, d1 and d2, were 
used to estimate the source location. 

Fig. 14 shows the cross-correlation at a distance of 630mm. 
According to these results, the estimation distance d1 obtained 
through the use of a filtering signal is 180mm. The error for 
each data instance is close to 66%. This error is too great to 
ignore for the detection of the impact location in a long indus-
trial duct. Therefore, the correlation method is not a viable 
means of detecting the impact location in a duct with a large 
diameter. 
 

5. Application 

A practical experiment was carried out using a buried duct. 
Fig. 15 shows an image of the impact process in the duct. Two 
acceleration sensors instead of microphones were respectively 
installed at distances of 7km and 13km from the impact loca-
tion.  

Surface vibration of the buried duct was generated by the 
excitation of an acoustic wave at the sensor attachment point. 

 
 
Fig. 12. Estimation of the arrival time delay between two sensors. 
 

 
(a) 

 
(b) 

 
Fig. 13. Detection of the acoustic source location via a time-analysis 
of the reflective wave: (a) distance d1 of sensor 1, (b) distance d2 of 
sensor 2. 

 
 
Fig. 14. Cross-correlation of the data measured by sensor 1 and sensor 2.
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This acoustic wave was generated by the excitation of the 
impact force. It propagated to the sensor attachment point. 
Therefore, the vibration signal indirectly provides information 
pertaining to the impact force. This type of propagation proc-
ess for an acoustic wave is illustrated in Fig. 16. 

The propagation of an elastic wave on the surface of the test 
duct is damped by the soil around the duct and then decays 
along the duct line. This type of wave propagation was simu-
lated by a numerical method [20, 21]. In this simulation, three 
impulse responses h(t,r) were used. Therefore, in this paper, to 
detect the impact location, only the acoustic wave inside the 
duct was considered, as this wave propagates over a long dis-
tance. The vibration signal measured on the surface of the duct 

at a long distance can represent the propagation characteristics 
of the acoustic wave because the elastic wave is decayed by 
soil damping.  

Fig. 17 shows the results of the time-frequency analysis of 
the measured acceleration signal using the STFT method. 
Although there is a filtering effect due to the thickness of the 
duct, the dispersive characteristic of the acoustic wave can be 
observed clearly, as shown in Fig. 17. 

The dispersive phenomenon of the acoustic wave results 
from the reflection at the rigid wall; it is dependent on each 
acoustic mode. The flow speed of the gas is 4m/s. The sound 
speed of the gas is 438 2± m/s [22]. As the Mach number M 
is approximately 0.009132, the cut-off frequency frmn does not 
change very much. Therefore, the effect of the Mach number 
was ignored. The sound speed c of gas in a buried duct is 
438m/s. The diameter of the duct in this case was 78cm. The 
calculated cut-off frequency of the buried duct is listed in Ta-
ble 2. 

The cut-off frequency can be also estimated using the STFT 
results of an acceleration signal measured at sensor 1, as 
shown in Fig. 17. The STFT results for the acceleration signal 
measured at sensor 2 were obtained using a similar pattern. 
The dominant cut-off frequencies obtained by applying the 
STFT to the measured data were 335 Hz and 698Hz and cor-
respond to the cut-off frequency of the (1,0) mode and (0,1) 
mode, respectively. The dispersive waves associated with 

Weight Drop

Gas Pipe
 

 
Fig. 15. Photograph of the impact process used to measure the wave
propagation properties of a buried gas duct. 

 

 
Fig. 16. Propagation process of the acoustic wave generated by the
excitation of an impact force in a long buried duct. 

 

 
 
Fig. 17. Short time Fourier transform of the acceleration signals meas-
ured using two accelerometers located 7km from impaction position
shown in Fig. 15. 

Table 2. Theoretical cut-off frequencies frmn (Hz) of a steel pipe (di-
ameter=762 mm, sound speed for the gas=436 m/s). 

n
m 

0 1 2 3 4 

0 0 698 1279 1853 2427 
1 335 971 1556 2134 2708 
2 556 1223 1817 2400 2979 
3 765 1461 2068 2659 3242 
4 969 1691 2311 2908 3499 

 

 
 
Fig. 18. Behavior of the group and phase speeds as a function of the 
frequency for three cavity modes in the duct waveguide used as an 
actual gas duct in this study. 
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these two acoustic cavity modes carry the acoustic energy to 
the sensor locations. The direct wave also carries the acoustic 
energy without reflection; it is propagated with a wide fre-
quency component as the wave front includes the energy over 
the entire frequency region. It arrives at the sensor attachment 
point sooner than the dispersive waves.  

This direct wave can be used to estimate the arrival time de-
lay of an acoustic wave. However, as shown in Fig.17, the use 
of the direct wave for the prediction of the impact location is 
problematic because determining the non-dispersive region 
remains a challenge. Therefore, the reflective wave with the 
(1,0) mode is used for the estimation of the impact location. 
For an actual gas duct, the group speed and phase speed of the 
(1,0) mode and other three modes calculated theoretically 
using Eq. (11) were also plotted, as shown in Fig. 18. 

The peak amplitude line corresponding to the dispersive 
curve of the (1,0) mode in time-frequency analysis was se-
lected and plotted together with the peak amplitude line ob-
tained using the data measured at sensor 2, as shown in Fig. 
19. The time difference becomes the arrival time delay τ be-
tween two sensors. The time delay τ depends on the frequency, 
as the group speed depends on the frequency. The group speed 

of the (1,0) mode and the time delay τ were used for the pre-
diction of the distances d1 and d2 from the impact location. Fig. 
20 shows the location of the acoustic source loudspeaker from 
sensor 1 and sensor 2, respectively. According to these results, 
the estimated value of the acoustic source using the reflective 
wave of the (1,0) mode correspond very well to the true loca-
tions. The estimated error is less than 1 %.  
 
6. Discussion and conclusions 

The cut-off frequencies in a duct were calculated based on 
the theory of wave propagation. These cut-off frequencies 
were also estimated using a novel experimental method. The 
results were shown to be in good agreement with the theoreti-
cal results. The dispersive characteristic around the cut-off 
frequencies was clearly identified via CWT and STFT time-
frequency analyses. Through the time-frequency analysis, the 
direct wave with a non-dispersive characteristic and the reflec-
tive wave with a dispersive characteristic were identified. To 
predict the impact location in a duct with a large diameter, the 
group speeds of both waves were estimated theoretically. The 
arrival time delay between two sensors was measured using 
two proposed methods. The first of these involves the use of 
the direct wave based on the CWT, and the second method 
involves the use of the reflective wave based on the STFT 
method. The theoretically estimated group speed and arrival 
time delay were used for the prediction of the impact location 
in a duct line system. The impact location predicted using the 
CWT method or the STFT method was compared with that 
obtained from a conventional correlation method. The predic-
tion error of the impact location obtained using the two meth-
ods proposed in this study was determined to be less than 1%. 
However, the conventional method used with pipeline systems 
with a small diameter yields a prediction error of 60%.  
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