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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 t he form of, for exa mple, a plane wave. This c orrelation method calculates the c ross-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 i mpact location. However, when the 
diameter of t he duct i s 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 o f duct damage and gas leakage. Gas 
leakage induces m any serious pr oblems, su ch a s explosions, 
energy lo ss an d en vironmental pollution. Therefore, e arly 
detection of an impact location is an important task. When an 
impact force exc ites a  buried duct, an  e lastic wave is  gener-
ated on the s urface of the duct that excites the gas inside the 
duct. The elastic wave is attenuated by the damping of the soil 
around a  bu ried d uct [1], but the e xcited g as gen erates a n 
acoustic wave that propagates in the downstream direction, as 
shown in Fig. 1. 

There have been many theoretical and experimental studies 
of gas  leaka ge p roblems in  p ipeline s ystems [1-3]. In th ese 
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 p ipeline is  rega rded as a  plane wave  wh ich 
propagates only in the axial direction because the propagation 
of a  wave in the radial direction can  be  neg lected when the 
diameter of the pipe is small. Therefore, measuring the arrival 
time d elay o f a n ac oustic wav e b etween two  sens ors 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 tw o se nsors. Ho wever, in th e c ase of a duct w ith a  
large diameter, the acoustic wave propagates not on ly in the 
axial direction but also in th e 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 i s a dir ect w ave wi th no n-dispersive ch aracteristics. 
The latter is a reflective wave with dispersive characteristics. 
The direct wave has a co nstant phase speed. The phase speed 
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of the  re flective wave is  dependent on the  fre quency. Th is 
dispersive wave propagation is rel ated to the acoustic cavity 
modes an d c ut o ff fre quencies w hich a re d etermined by the 
geometry of the duc t. For a duct lin e system with a la rge 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 p roposed methods a re based on 
the time-frequency method w hich es timates the  arrival t ime 
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 w ith a  high level of accuracy. Th e tim e-
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 fre quency reso lution depe nding o n the signal. 
CWT has g ood time resolution, although i t has  a  w ide 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 v alidation and  su ccessfully ap plied to an 
actual duct line system with greater accuracy than the correla-
tion m ethod. In particular, if the p ipe is  em bedded pa rtially 
within a very wet soil or it is partially or ful ly exposed to the 
water, the wave propagation within the pipe system containing 
some a mount of dense g ases or fluid will be v ery 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 , t his method is  applied t o 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, th ree-dimensional, lossless, homogeneous wave 
equation in the cylindrical coordinate system [5-7] is given by  
 

2
2
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where ( )t,φ r  is the velocity potential a t time t and p osition 

( , , )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 o f the du ct is  in finite in  t he z-direction, th e 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 radial 
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  g iven 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.  Pr opagation pr ocess of th e acoustic wave gener ated by the
impact excitation of construction machinery. 

 
 
Fig. 2. Boundary  condition a nd cy lindrical axis for an  acoustic wave 
analysis of a duct. 
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where mnj′ is the  extremum of t he first  kind of Besse l func-
tions. Substituting Eq . (5 ) and Eq . (6) into Eq. (3), the ax ial 
wave number becomes 
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1 rmn
zmn

fk k
f

⎛ ⎞
= − ⎜ ⎟

⎝ ⎠
, rmnf f≥ .  (7) 

 
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 E q. ( 8), the integer m de termines the n umber of radial 
nodal lines, and the second integer n determines the number of 
azimuthally nodal l ines. In Eq . (7), i f th e driving fre-
quency f is high enough, rmnf f>  and 0zmnk > , the acoustic 
wave with  th e ( m, n) mode sh ape p ropagates 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 la rge di stances. At th e cu t-off frequency, 

rmnf f=  and 0zmnk = , there is no longitudinal acoustic wave 
motion. If t he dri ving frequency f is l ow en ough, rmnf f<  
and 0zmnk < , zmnk  must be  pure i maginary, the ac oustic 
wave with the  (m, n) mode shape does not propagate and its 
amplitude d ecays e xponentially. The axial wa ve num ber 

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 t he d uct, it sh ould be  modified. The m odified axial 
wave number is given by [8], 
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where M is the Mach  nu mber ex pressed as M = V/c. T he 
modified cut-of f frequency is 21rmn rmnf f M′ = − and t he 
modified axial wave number is 21rmn rmnk k M′ = − . The only 
difference from the cut-off frequency frmn is the effect of the 
Mach n umber. H owever, if the flow  spee d V is sm all, th e 
Mach number is small and the effect of the flow can therefore 
be neg lected. The phas e spee d of a n aco ustic m ode 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 d irection is  given by the  com ponent of th e 
plane wave velocity c along the waveguide axis z: 
 

21 ( / )g rmnc c f f= − .  (11) 

 

This r eflective effect of t he w all b ecomes t he cause o f t he 
dispersive p henomenon o f t he acoustic w ave propagation 
inside the duct. 

 
2.2 Experimental validation for theory of wave propagation 

When an  i mpact fo rce exc ites a c ircular duc t, as shown in 
Fig. 3, the impact location can be identified using the arr ival 
time delay between two sensors attached to the circular duct. 
The a rrival ti me de lay is  obtained b y dividing t he dis tance 
between t he t wo se nsors by  t he gr oup speed of t he 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 w ave ar e e qual t o t he sound sp eed of t he gas inside the 
circular duct. If the  diameter of the duct is small enough, the 
acoustic wa ve ins ide the d uct is regarded as  a plane wave. 
However, if the diameter is large enough, the acoustic modes 
of the duc t in fluence the wave p ropagation insi de the duct 
waveguide.  

Two types of wave propagations exist inside a duct. The first 
is the propagation of a dir ect w ave, a nd th e se cond is th e 
propagation of a reflective wave. The phase speed of the direct 
wave is constant and equal to the speed of soun d 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 a lso no t dependent on th e cut-off frequency a nd th us 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 re flective wave i s dependent 
on the cut-off frequency and thus becomes a dispersive wave. 
The p hase speed  o f the  reflective wa ve is a ffected by th e 
acoustic mode on  the or der of  (m, n). The refore, the group 
speed of t he r eflective w ave as well is  not constant and  de -
pendent on the cut-off frequency. It  is obt ained t hrough Eq. 
(11). In th is sect ion, the cut-off freq uencies frmn, a coustic 
modes, the phase speed cp and the group speed cg are calcu-
lated by the theoretical method discussed in the p revious sec-
tion. They are also estimated by a measurement method based 
on the time-frequency method. The  resu lts obtained by both 
methods are compared to  val idate the  the oretical resu lts. 
Through this ex perimental validation, th e d ispersive 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 di ameter o f th e duct is 10 6mm, th e thickness is 
4mm and the length is 1570mm. The cut-off frequencies frmn 
of the tes t duc t we re theoretically calculated using Eq . (6 ). 
These are listed in Ta ble 1. The acoustic mode shapes of t he 
circular duct related to the cut-off frequency frmn were obtained 
using Eq. (8), as il lustrated in Fig. 4. U sing Eq. (10) and Eq. 
(11), the phase speed cp and the group speed cg were also theo-
retically calculated. The Mac h n umber is no t c onsidered 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 o f the d irect wave re lated to the (0,0) mode, which i s 
propagated down wi thout a reflection process on the wa ll of  
the waveguide, is 340 m/s. The c urves above and below 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 va lidate the analytically ca lculated cu t-off frequencies 
listed in Table 1 and the two t ypes of spe eds, experimental 
work proceeds with a  circular d uct wave guide, 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 s ound p ressure i nside it. A  s ound with a  fre-
quency-modulated signal was generated b y a s pecially de -
signed loudspeaker in the middle of the duct. The frequency of 
the modulated signa l was  in creased fro m 10 0Hz 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 microphones 
were an alyzed b y s ignal p rocessing tec hnology. The t radi-
tional method for measuring the cut-off frequencies related to 

acoustic modes in a duct is to use the power spectrum density 
(PSD) [9]. This result is  shown in Fig. 7. Th e power spectral 
density function Sxx (f) for sound press signal x is defined 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 s how t he d ispersive ph enomenon of the wav e, 
although th e i nformation pe rtaining to th e th ree cu t-off fr e-
quencies is roughly presented. 

To obse rve the d ispersive ph enomenon, a  tim e-frequency 
analysis was a pplied to soun d p ress sig nal x. Th e ti me fr e-
quency method u sed in  th is test  was  S TFT. The S TFT 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 i s explained t hrough the a nalysis o f an i mage 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 th e di stribution of t he aco ustic en ergy 
due to t he propagation o f th e wa ve. The c ut-off frequencies 

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. M ode shapes and frequencie s associated with the ( m, n) mode 
for the acoustic cavity of the cylinder duct used in this research. 

 
 
Fig. 5. Behavior o f the grou p and phase speeds as f unction of the f re-
quency for the three cavit y modes in the duct w aveguide used in this
research. 

 

 
 
Fig. 6. Photograph of the test d uct installed in the full a nechoic cham-
ber for the investigation of the acoustic propagation characteristics. 
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for mode (1,0), mode (2,0) and mode (0,1) were determined to 
be 1940Hz, 3175Hz and  39 50 H z, respe ctively. The re a re 
slight di fferences a mong thes e results (calculated resu lts are 
listed in  Table 1). These diff erences a verage a pproximately 
3.8% due to the  use of the  time-frequency reso lution 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 arr ival 
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 est imated. These results are pl otted i n a  com parison 
with the theoretical results, as shown in Fig. 9.  

From these  resu lts, the  dis persive phen omenon 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 t heoretical r esults and the measured resu lts at h igh-order 
modes is caused by the time resolution problem in the STFT 
method, as mentioned earlier. W ith t his approa ch, the re is 
some difficulty in e stimating t he phase speed of th e d irect 
wave be cause the time resolution o f the  ve rtical line th at 
represents the arrival time of th e direct wave associated with 
the (0 ,0) mode is to o wide, a s shown i n Fi gs. 8(a) a nd (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  ut ilized. Th ese resu lts are 
presented in the next section. 
 

3. Identification o f impact location bas ed on time-
frequency method 

In the previous section, an acoustical theory for wave propa-
gation in a duct was investigated and validated through novel 
experimental work. The di spersive characteristic, cut-off fr e-
quencies and  th e speeds of th e 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 dir ect wave b ased o n the w avelet 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 so und 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 transf orm 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 I mpact Location based on CWT of the di-
rect wave 

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

1,2 1 2,          ( )
2

d cd d dτ= <∓
.  (14) 

 
Here, d is th e d istance between the tw o senso rs a nd the 

known value. The speed o f w ave c is  gene rally t he 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 a rrival time delay of the direc t wave at  two sensors, the 
peak line representing the arrival time of the wave associated 
with the (0 ,0) m ode i n the t ime-frequency domain m ust 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 t he Fi gs. 8(a) an d (b ). Th is wi de time r esolution cannot 
predict t he a rrival time p recisely. In this se ction, the C WT 
with good t ime resolution is  em ployed. The C WT is bas ed 
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- trans-
lation) in  t he t ime do main and s caling in the frequ ency d o-
main (a-dilation) to the mother wavelet. The mother wavelet 
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  . Additionally, 
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 bas ed on w avelet transforms: (a) wavelet transform  for 
the direct wave measured by  sensor  1, (b) w avelet transform for the
direct wave measured by sensor 2,  (c ) the wave fro nt of the dire ct
wave, (d) the estimated sound speed of the direct  wave and the reflec-
tive wave with the (1,0) mode. 
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2 2( )x x t dt
+∞

−∞
= < +∞∫ .  (19) 

 
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 con-
dition, then 
 

2( )
C d    

Ψ ω
ω

ω

+∞

−∞
= < +∞∫ψ

  
 

. (20) 

 
The inverse wav elet t ransform ca n be  obtained by solving 

the following equation: 
 

, 2
1

( ) ( ) ( )x a b
dbdax t W a,b t

C a

+∞ +∞

−∞ −∞
= ∫ ∫ ψ

ψ
ψ ,  (21) 

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

tained b y expressing x(t) a nd ( )tψ   via their F ourier tr ans-
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 b etween the sc ale p arameter 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 fil ter bank structure [15, 
16]. Therefore, t he frequency resolution is  g ood a t l ow fre -
quencies and the  ti me resolution  is  go od at all frequencies. 
Therefore, the wa velet transform is  a  be tter so lution fo r a 
time-frequency analysis o f i mpact sig nals w ith a h igh fre-
quency c omponent [17-19]. For the wav elet an alysis o f th e 
signal m easured t hrough the tw o microphones, the Mo rlet 
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 w as selected  using t he ST FT resu lts, 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 t he BPF. In  this pape r, a fil -
tered wav e c ontaining a  frequency co mponent between the 
(1,0), and (2,0) m odes was  sele cted as t he di rect w ave. The 
selected frequency band was therefore located between 2000 
Hz a nd 3 000Hz. The wa velet trans form w as applied to t he 
filtered wave. Figs. 10(a) and (b) show the results of the wave-
let tr ansform f or fil tered waves of t wo signals measured by  
sensor 1 and sensor 2, respectively. The contour map and im-

age a nalysis of the w aves i n th e ti me-frequency sp ace ar e 
shown i n t he center p art. In the fi gures, th e horizontal axis 
represents t he tim e an d the vert ical axis represents th e 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). Th e t ime diff erence shown in Fig. 1 0(c) be comes the 
arrival time delay τ between the two sensors. The time delay is 
about 350microsecond. The sound speed corresponding to this 
arrival time d elay was ca lculated an d th e results p lotted, as 
shown in  Fi g. 1 0(d). Acc ording to  th ese resu lts, th e phase 
speed of th e dir ect w aves a ssociated w ith the (0,0) m ode is 
approximately 343± 2m/s. The group speed and phase speed 
of the (1,0) mode ca lculated theoretically using Eq. (11) a re 
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 a ir in an  a nechoic chamber, it is  3 43m/s at 2 0°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 u sing t he CW T instead of t he STFT. With t his 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 sens or 1 a nd senso r 2 . Ac cording t o these  results, t he 
estimation o f the ac oustic sou rce b y the t ime-frequency 
method is  e ffective c onsidering that the dis tance errors are 
0.6%. Th e average err or i s 1 mm a nd the maximum e rror i s 
4.2mm for distance d1 and distance d2.  
 
3.2 Prediction of the Impact Location based on the STFT of 

the reflective wave 
There a re many ref lective w aves with the ( m, n) mode, a s 

shown in Figs. 8(a) and (b). Among these modes, the reflec-
tive wave  of the  (1 , 0) mode has been  used  to  estimate th e 
arrival time delay τ. 

In Figs. 8(a) and (b), the horizontal axis represents the time 
and t he v ertical ax is r epresents th e fr equency. Th e c urved 
lines corresponding to  the peak amplitude of  the (1,0) mode 

 
(a) 

 
(b) 

 
Fig. 11. D etection of the acoustic  s ource location via ti me-frequency 
based on the CW T 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 del ay τ b etween th e two sen sors. The ti me d elay τ de-
pends on  t he fre quency, as the group sp eed de pends o n 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 d istance and t he true di stance. According t o these 
results, th e im pact locations p redicted b y t he C WT m ethod 
mode correspond very well to the true impact locations. The 
prediction error of the impact location is less than 1%. 
 

4. Correlation method 

As w ith the con ventional m ethod, the c ross-correlation for 
the raw signals measured from the two sensors was used for 
the det ection of  the sou rce lo cation. In th is st udy, a cr oss-
correlation of th e fi ltered signals was in vestigated 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, th e fre-
quency band containing the three major modes is determined. 
The frequency band between 1,900 Hz and 5,000Hz was se-
lected fo r th e fi ltering of th e raw da ta [1 , 4 ]. Th e 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 acous tic signals of senso r 1 

and sensor 2, respe ctively, and τ  is the time delay. To no r-
malize t he v alue of Eq. (24), th e maximum au to-correlation 
data w as used . Eq . (24) is the normalized c ross-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 fil tering 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 d uct. Therefore, t he co rrelation method is  no t 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 vi bration of t he b uried duct was g enerated 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. D etection of the aco ustic source location via  a ti me-analysis 
of the reflective wave: (a) distance d1 of sen sor 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 wa ve was  g enerated b y the excitation o f t he 
impact fo rce. It p ropagated 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  da mped by the soil around the  duc t 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 t ime-frequency analysis of 
the measured acc eleration sig nal using th e STFT method. 
Although there is a filtering effect due to t he thickness of the 
duct, the dispersive characteristic of the  acoustic wave can be 
observed clearly, as shown in Fig. 17. 

The dispersive p henomenon o f the ac oustic wa ve results 
from the reflection at the  rigid wall; it is dep endent 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. Th e s ound s peed c o f gas  i n a  b uried duct is 
438m/s. The diameter of the duct in th is 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 o f an acc eleration signal measured at se nsor 1, as 
shown in Fig. 17. The STFT results for the acceleration signal 
measured a t sens or 2  we re o btained using a  sim ilar pa ttern. 
The d ominant cu t-off f requencies obtained by ap plying t he 
STFT to the measured data were 335 Hz and 698Hz and cor-
respond to the cut-off frequency of t he (1,0) mode and (0,1) 
mode, resp ectively. The  disp ersive waves associated wi th 

 
 
Fig. 15. Photogra ph o f the i mpact process used to measure the w ave
propagation properties of a buried gas duct. 

 

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

 

 
 
Fig. 17. Short ti me Fourier transform of the acceleration signals meas-
ured using two accelero meters locat ed 7k m f rom i mpaction position
shown in Fig. 15. 

Table 2. T heoretical cut-off freq uencies 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 gro up and phase speeds as a function of the 
frequency for three cavit y modes in the duct w aveguide 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 wi thout ref lection; it i s pr opagated with a wi de 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 beca use determining th e non-dispersive re gion 
remains a  challenge. The refore, the reflective wave with  th e 
(1,0) mode is used for th e estimation of the  impact location. 
For an actual gas duct, the group speed and phase speed of the 
(1,0) m ode an d other three modes ca lculated theoretically 
using Eq. (11) were also plotted, as shown in Fig. 18. 

The peak  a mplitude line co rresponding to  the  disp ersive 
curve o f t he (1,0) mode in t ime-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 t ime difference becomes the arrival t ime 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 w ave pr opagation. Th ese cu t-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 c haracteristic a round the  cu t-off 
frequencies was c learly identified v ia CWT and STFT t ime-
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 t ime de lay b etween two s ensors was measured using 
two proposed methods. The first of these involves the use of 
the d irect wave based o n th e C WT, and the sec ond m ethod 
involves the use  o f th e reflective w ave base d o n the S TFT 
method. The theoretically estimated gr oup sp eed a nd arr ival 
time delay were used for the prediction of the impact location 
in a duct line system. The impact location predicted using the 
CWT m ethod or the STFT method w as co mpared 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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