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Abstract 

Pipeline leak monitoring is an important industrial safety measure designed to ensure the safety of liquids or gases during 

transportation. Distributed acoustic sensing (DAS) technology is based on the reverse Rayleigh scattering inside the fiber to 

reflect the change of the measured physical quantity, and has great advantages in monitoring range, environmental adaptability, 

transmission loss control and system stability. In this paper, the pipeline leakage monitoring technology based on distributed 

acoustic sensing fiber is used to study the leakage signal of small leak aperture. In order to improve the sensitivity of leakage 

monitoring, the optical fiber is spiral wound on the pipe section. The identification method of pipeline leakage signal based on 

fast Fourier transform is proposed. By analyzing the vibration of the optical fiber in the time domain and the frequency domain, 

the leakage signal can be accurately monitored. Pipeline leakage tests with different leak apertures were carried out, and the 

leakage locations were studied by energy attenuation and cross-correlation techniques. The experimental results show that the 

time-domain signal fluctuates obviously and the full-band energy of the frequency-domain signal increases after pipeline 

leakage. The increase of leakage diameter will gradually increase the signal energy, and the leakage energy will gradually move 

from high frequency to low frequency. The energy attenuation positioning technique can locate the leakage within the range of a 

single sensing unit, and determine the leakage location through cross-correlation analysis with an error of less than 3 m. 
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1. Introduction 

Pipeline is an important part of the world's material and 

energy supply infrastructure, in the five modes of transport, 

pipeline transport compared with other modes of transport, 

has significant characteristics and advantages. The pipeline 

may encounter corrosion, aging, man-made damage and other 

problems in the transportation process, resulting in pipeline 

leakage. Due to the long length of pipelines and the fact that 

they are often placed in places with fewer personnel, the oc-

currence of leakage accidents is hidden and difficult to detect, 

which brings many challenges to the early warning of pipeline 

leakage [1]. With the increase of pipeline length, many 

shortcomings of traditional monitoring methods are gradually 

exposed. These problems include relatively simple monitor-

ing parameters, high cost, small detection range and poor 

accuracy. 

In recent years, pipeline leakage incidents occur frequently. 

The occurrence of these leaks can lead to a series of conse-

quences, resulting in a waste of resources, property damage, 
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and a threat to personal safety. Due to the different charac-

teristics of transportation pipelines with different media, the 

leakage monitoring methods of pipelines are also different. In 

order to meet the monitoring requirements of different types 

of pipelines and ensure the safe transportation of pipelines, a 

lot of research has been carried out. There are many different 

techniques available for pipeline leak detection. They can be 

broadly divided into two categories: internal and external 

monitoring methods, sometimes referred to as software or 

hardware based leak monitoring methods, respectively [2]. 

Internal systems utilize different calculation methods to infer 

the occurrence of leaks from internal pipe parameters such as 

product pressure, temperature, density, or flow. Typically 

inexpensive and easy to implement, these types of systems 

can detect possible leaks when measurements deviate from 

normal parameters, which is the most common way to quickly 

and reliably identify major leaks from remote locations. Ex-

ternal systems rely on the use of additional sensors along the 

pipe to detect external manifestations of possible leakage, 

such as acoustic signals, temperature changes, or the presence 

of chemical leaks [3]. External systems typically have higher 

hardware and installation costs, but may provide more reliable, 

faster detection and high positioning accuracy, even for 

smaller leaks. 

Distributed acoustic sensing fiber (DAS) monitoring 

technology offers the possibility of continuous acoustic 

monitoring of pipelines and remote detection of leaks. DAS 

system based on Φ-OTDR technology is a kind of sensing 

technology to realize continuous distributed detection of 

sound signal by using the interference effect of optical fiber 

reverse Rayleigh scattering [4]. The low loss characteris-

tics of optical fibers give DAS systems a huge detection 

advantage, and the length of the sensing fiber can be easily 

extended to tens of kilometers, so that the detection range 

of DAS systems is extremely wide. The vibration detection 

bandwidth of DAS is up to 50 kHz, which allows it to 

capture subtle changes in the event under test, even if the 

event is far away from the fiber, which extends the detec-

tion capability of DAS technology [5]. The principle of 

distributed acoustic sensing fiber is mainly based on the 

transmission and detection of acoustic signals in the fiber. 

Its core is to use optical fiber as a sensing element to detect 

acoustic signals by measuring the changes of optical sig-

nals transmitted in optical fibers when they are disturbed by 

acoustic waves [6]. Specifically, when a sound wave acts 

on an optical fiber, the optical signal in the optical fiber 

will be modulated, including changes in the phase, fre-

quency, intensity and other parameters of the light wave, 

which are closely related to the characteristics of the sound 

wave (such as amplitude, frequency and propagation di-

rection). By measuring and analyzing the changes in these 

optical signal parameters, the detection and positioning of 

the acoustic signal can be realized [7]. 

Muggleton et al. used the DAS system to monitor the 

leakage of buried natural gas pipelines [8]. Stajanca et al. used 

DAS system based on Rayleigh scattering to monitor gas 

pipeline leakage [9]. Hussels et al. investigated different 

methods of applying DAS fiber to pipelines, using artificial 

signals to optimize measurement parameters [10]. However, 

despite the many advantages of DAS technology, the signal to 

noise ratio of the leakage signal is low, it is difficult to dis-

tinguish the leakage, the ability to monitor the leakage with 

small leak aperture is poor. 

In this paper, the experimental signal is processed by FFT 

and other methods, and the time-domain waveform and 

spectrum of each frequency band under different leakage 

apertures are obtained. The characteristics of leakage signal 

under different leakage apertures are analyzed. To solve the 

problem that there are few leak location methods of distrib-

uted acoustic sensing fiber, this paper uses two leak location 

methods to conduct experiments, through which the leak 

location can be determined within 3 m. 

2. Pipeline Leakage Location Methods 

2.1. Attenuation of Acoustic Waves 

When the acoustic signal propagates along the pipeline, the 

signal will gradually decay with the increase of the propaga-

tion distance. This is because the acoustic signal will be af-

fected by a variety of factors during the propagation process, 

resulting in the loss of energy. First, the acoustic signal will 

encounter the reflection and scattering of the pipe wall during 

the propagation process, which will cause part of the energy to 

be dispersed and lost. Secondly, there may be other media or 

obstacles inside the pipeline, which will absorb and scatter the 

acoustic signal, further reducing the energy of the signal [11]. 

In addition, the structure and material characteristics of the 

pipeline will also have an impact on the propagation of the 

acoustic signal, which may lead to the attenuation of the sig-

nal [12]. The attenuation relation of acoustic wave is shown as 

follows: 

𝐴 = 𝐴0𝑒
−𝛼𝑙                 (1) 

𝐴 is the amplitude of different detection points; 𝐴0 is the 

amplitude of the leak source; 𝛼 is the attenuation coefficient; 

𝐿 is the distance between the monitoring point and the leak 

point. 

Using the attenuation characteristic of signal amplitude in 

the propagation process, the signal amplitude changes in 

different regions are monitored by the optical fiber arranged 

on the pipeline. The closer the sensor is to the leak point, the 

larger the amplitude of the signal measured, and the smaller 

the amplitude measured by the sensor away from the leak 

point. Through this rule, we can find the sensor unit with the 

largest leakage signal amplitude, and analyze the signal am-

plitude changes of both sensor units to ensure accurate posi-

tioning. At the same time, the leakage point of the pipeline can 
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be determined by determining the location of the pipeline 

where the sensor unit is located. When using traditional sen-

sors for monitoring, more detailed measurement and data 

analysis are needed to improve the accuracy of leakage source 

location. This often means that more sensors need to be placed 

on the pipeline to capture more detail about the changes in the 

amplitude of the leakage signal. The leak source can be more 

accurately located by increasing the number of sensors. 

Therefore, the use of distributed optical fiber can effectively 

save costs compared to traditional sensors, and has a larger 

monitoring range [13]. 

2.2. Cross-correlation Method 

Sensing units A and B of the optical fiber are determined at 

two detection points A and B. After leakage occurs, acoustic 

emission waves will be transmitted along the tube wall to the 

two sensing units, as shown in Figure 1. The distance 𝑥 from 

the leakage point to sensing unit A is as follows: 

𝑥 =
𝐷−𝜈𝛥𝑡

2
                  (2) 

𝐷 is the distance between sensor units A and B. 𝜈 is the 

propagation speed and 𝛥𝑡 is the time difference. 

 
Figure 1. The principle of cross-correlation localization. 

The cross-correlation function in time between any acoustic 

signal 𝑥(𝑡)  and an acoustic signal 𝑦(𝑡 + 𝜏)  with a delay 

time of 𝜏 is: 

𝑅𝑥𝑦(𝜏) =
1

𝑇
∫ 𝑥(𝑡)𝑦(𝑡 + 𝜏)𝑑𝑡
𝑇

0
         (3) 

Discrete form is 

𝑅𝑥𝑦(𝑚) =
1

𝑁
∑ 𝑥(𝑛)𝑦(𝑛 +𝑚)𝑁−1
𝑛=0        (4) 

𝑁 is the number of relevant points. 

Signal correlation is actually a measure of how similar 

two signal waveforms are [14]. After the leakage occurs, the 

vibration generated by the leakage will propagate along the 

closure, and the signal will first propagate to a point close to 

the leakage hole and reach another point after a period of 

time. If the waveform propagation of the signal is relatively 

stable, it can be considered that the signal transmitted at the 

two points is similar in waveform. However, this similarity 

is not entirely consistent, because the signal at point B lags 

in time relative to the signal at point A. Therefore, by 

comparing the similarity of the signal at point A and point B, 

we can analyze the propagation characteristics of the signal 

and infer the location and characteristics of the leak source 

accordingly. 

3. Experimental System and Optical 

Fiber Layout Methods 

In this study, the feasibility of monitoring small-diameter 

leakage of pipelines with DAS fiber laid on the surface of 

pipelines was discussed. The pipeline is located in the facili-

ty building, and the total length of the pipeline system is 210 

m; The inner diameter of the pipeline is 44 mm, the wall 

thickness is 3 mm; The material is 316L stainless steel, the 

minimum curvature radius: 400 mm; Pressure: 12 MPa; Me-

dium flow rate: 0-5 m/s; The entire pipeline system is 14.6 m 

long and 6.5 m wide and is placed on a steel platform bracket 

with a height of 0.35 m. 

In the pipeline leakage test, all leakage starts and ends are 

simulated by manipulating the opening and closing of the 

pneumatic valve, using the perforated adapter inserted into 

the pneumatic valve as the leakage hole of the pipeline leak. 

Pipeline corrosion is the main cause of pipeline leakage, se-

cond only to external interference, and almost all corrosion 

failures are pinhole. Therefore, this experiment mainly stud-

ies small-caliber leakage. In order to ensure the smoothness 

of the test fluid flow, the large-arc pipeline curve is specially 

designed to avoid the movement fluctuation caused by the 

sudden flow of high-speed fluid to turn, and the impact vi-

bration of the pipeline. The combination of the gradual taper 
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intermediate joint and the special pipe clamp can ensure the 

smooth flow of internal fluid, and reduce the noise signal 

caused by fluid flow and other factors to interfere with the 

leakage signal. 

Standard single-mode optical fiber was used in this study. 

For the laying of optical fiber, two arrangements were used 

in the experiment. As shown in Figure 3, the first arrange-

ment was to directly straighten the optical fiber and tightly fit 

it on the pipeline, fix the optical fiber with pipe clamp, and 

then use tape to further strengthen the optical fiber, so as to 

make the optical fiber more sensitive to the pipeline vibra-

tion signal. The second method is to tighten and spiral the 

optical fiber around the main body of the pipe section, and 

then the tape is also reinforced, and the optical fiber is 

wrapped on the pipe each circle spacing is relatively small, 

about 2 cm. Compared with a simple linear arrangement, 

spiral winding increases the fiber coverage of the pipe, which 

helps to improve the measurement sensitivity and spatial 

resolution of potentially weak signals [15]. Taking into ac-

count the outer diameter of the pipe and the application dis-

tance of the fiber, the length of each wrapping part is set to 3 

m, and 1 m of fiber is also used for winding at both ends of a 

pipe section near the flange. 

 
Figure 2. Schematic diagram of the experimental pipeline system. 

 
Figure 3. Optical fiber layout method. 

The flange position of the pipe cannot be continuously laid 

fiber, so there is always a short free hanging fiber segment 

between the pipe segments, and these free hanging fiber sec-

tions are prone to record false signals. DAS systems are es-

sentially measuring vibration signals, integrated on fiber 

lengths proportional to the length of the inquiry pulse used, 

so using a longer DAS system resolution can lead to false 

signals affecting the fiber applied on the pipe from the freely 

hanging portion of the fiber. The wrapping part helps to iso-

late the rest of the fiber applied to the pipe from the potential 

signal coming from the free hanging fiber section. This ar-

rangement allows the experiment to evaluate data only from 

the fiber section applied to the relevant pipe area, while the 

signal collected from the fiber near the flange is omitted. 

4. Experimental Study of Pipeline 

Leakage 

4.1. Leakage Signals Characteristics 

Experiments were carried out on the early leakage condi-

tions of gas pipelines with leakage calibers of 0.5, 1 and 1.5 

mm. The pipeline pressure was controlled to be 2 MPa, and 

the leakage occurred at 5 s. Since the leakage occurred sig-

nals were concentrated within 1 s, 10,000 signal points with-

in 5 s to 6 s were selected as data points. After FFT calcula-

tion of the time-domain signal, the pipeline leakage signal 
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spectrum with no leakage and 0.5, 1 and 1.5 mm is obtained. 

As shown in Figure 5, when the signal does not leak, the 

signal energy value is significantly smaller than the energy 

value when the leakage occurs. In the unleaked signal spec-

trum, there is almost no low-frequency signal, and only some 

noise signals appear in the high-frequency signal. After 

leakage, the energy of the leakage signal increases signifi-

cantly compared with that of the non-leakage state, and the 

energy of the low-frequency band increases significantly. 

Continuous excitation peaks appear in the high frequency 

band. In the actual pipeline monitoring, the leakage can be 

tested and the signal energy generated by the leakage can be 

evaluated, and the leakage can be monitored by setting the 

energy threshold. 

The pipeline leakage signal has the characteristics of con-

tinuous distribution in the time domain, and with the increase 

of the leakage diameter, the maximum signal strength in-

creases from 0.2 to 0.4. In addition to the increase of vibration 

amplitude, the signal fluctuation degree also increases sig-

nificantly. The signal of the 0.5mm aperture leakage hole is 

not obvious during the continuous leakage period, and it only 

fluctuates significantly when the leakage occurs. After leak-

age occurs, the energy values of different frequency bands 

increase significantly. When the leakage diameter of 0.5mm 

occurs, there is an obvious energy amplitude in the frequency 

band of 0-50 Hz; when the leakage diameter is 1.5mm, the 

characteristic frequency band of the low frequency band is 

widened from 0-300 Hz and an excitation peak with high 

energy appears near 200 Hz. In the 2000-5000 Hz frequency 

band, a wide high-amplitude frequency band is formed and 

multiple peaks appear. 

 
Figure 4. Time domain of wrapping part in different areas (a) No leakage (b) 0.5 mm leakage hole (c) 1 mm leakage hole (d) 1.5 mm leakage 

hole. 

In the frequency domain, with the increase of leakage ap-

erture, the low-frequency energy increases gradually and the 

frequency range expands. The positions of the peaks stimu-

lated by leakage are not consistent, which makes it difficult to 
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distinguish the vibration signals under different leakage di-

ameters directly from the positions of the energy peaks. The 

characteristic frequency band is used to observe the signal 

characteristics. When the leakage diameter is the smallest, the 

characteristic frequency band is mainly concentrated in the 

range of 0-50 Hz. When the leakage aperture reaches the 

maximum, this band expands significantly to 0-300 Hz, and 

the characteristic band width difference between the maxi-

mum and minimum leakage hole is 6 times. 

 
Figure 5. Frequency domain of Wrapping part in different areas (a) No leakage (b) 0.5 mm leakage hole (c) 1 mm leakage hole (d) 1.5 mm 

leakage hole. 

4.2. Leakage Signals in Different Pipeline Areas 

Figure 6 shows the time domain signals of different regions 

with a pressure of 2 MPa and a leakage hole of 1 mm. Nine 

wrapping part signals were selected in the experiment, among 

which wrapping part No. 5 was arranged near the leakage hole. 

The leakage occurs at fifth second, with the emergence of 

leakage, the signal amplitude increases significantly, and the 

sensor near the leakage hole can observe obvious signal vi-

bration amplitude changes. In the absence of leakage, the 

vibration amplitude of the interference signal caused by ex-

ternal noise and medium flow in the pipeline fluctuates 

around 0.2, and the signal fluctuates significantly when 

leakage occurs. After the continuous leakage phase, inter-

mittent high-frequency signals appear. 

In order to further determine the location of pipeline leak-

age points, the cumulative calculation of time-domain signals 

may lead to data leakage due to the low sampling rate of DAS 

system, and the method of judging leakage points solely using 

the maximum value has a high error rate. In order to improve 

the accuracy of leakage location, the average value of signals 

whose signal strength exceeds 0.2 within a certain period of 

time after leakage is calculated. Can reduce the occurrence of 

errors. 
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Figure 6. Time domain of wrapping part in different areas. 

The frequency spectrum of 9 wrapping part can be obtained 

after the time domain signal is processed by the fast Fourier 

transform algorithm. The leakage location algorithm of cu-

mulative average in the frequency domain is used to average 

the DAS signal in the frequency domain to obtain the leakage 

energy. The results obtained by the two methods are normal-

ized. Among them, the normalization adopts the mapping 

method to map the energy intensity into the interval [0,1], and 

the mapping method is as follows: 

𝑦 =
𝑥−𝑚𝑎𝑥(𝑥)

𝑚𝑎𝑥(𝑥)−𝑚𝑖𝑛(𝑥)
             (5) 

Where 𝑥 is the calculated data, 𝑚𝑎𝑥( 𝑥) is the maximum 

value, 𝑚𝑖𝑛( 𝑥) is the minimum value, and 𝑦  is the result 

obtained by normalization of the data. The calculation results 

are shown in Figure 7. 

 
Figure 7. Normalized energy attenuation of wrapping part in dif-

ferent areas. 

Through calculation, the maximum value of the normalized 

energy of the two methods appears in wrapping part No. 5, 

which is consistent with the actual leakage position of the 

pipeline. The energy attenuation amplitude of the two calcu-

lation methods in the time domain and the frequency domain 

is basically the same. It can be seen from the figure that the 

energy attenuation amplitude at the back of wrapping part No. 

5 is greater than that at the front, which may be due to the fact 

that the pipe behind wrapping part No. 5 becomes bent and the 

energy attenuation is large. This shows that the DAS system 

can locate the leakage point of the pipeline through the prin-

ciple of energy attenuation, and the leakage location algorithm 

based on the cumulative average in the frequency domain is 

helpful to improve the location accuracy. 

4.3. Cross-correlation Analysis 

The monitoring signals of one sensor unit on each side of 

the leakage hole are taken, and A section of 1000 point signal 

data is selected for each side. The time-domain signals are 

shown in Figures 8 and 9, in which sensing unit B is farther 

from the leakage hole than sensing unit A. 

 
Figure 8. Time domain signal waveform of sensing unit A. 

 
Figure 9. Time domain signal waveform of sensing unit B. 
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The cross-correlation function of the time domain signals 

of the two sensing units is calculated according to formula (4). 

The correlation function after cross-correlation calculation is 

shown in Figure 10: it can be seen that the time of signal 

transmission to sensor unit A is 0.0068 s earlier than the time 

of arrival to B. The velocity of sound waves in the stainless 

steel tube is about v=5200 m/s. By substituting them into 

equation (2), it can be calculated that the distance of sensor 

unit A from the leakage position is 4.82m. The actual position 

of sensor unit A is 6-7 m away from the leakage point, and the 

error is less than 3m. 

 
Figure 10. Cross-correlation leakage localization results. 

The cross-correlation algorithm is mostly used for point 

sensors. Since the position of the sensor unit of the optical fiber 

is affected by the resolution setting of the DAS system, the 

judgment accuracy of the leak location is low. However, due to 

the long-distance characteristics of the distributed optical fiber, 

a large number of sensor units can be collected, a large number 

of data can be analyzed, and the leakage positioning error can 

be controlled within 10m. It has certain practical significance in 

the leakage location of industrial transport pipeline. 

5. Results and Discussion 

This paper presents a real-time monitoring method for 

pipelines based on DAS system. Through the pipeline leakage 

experiment, the feasibility of monitoring pipeline leakage 

based on DAS technology is discussed. Considering the size 

of the leak hole, the difference of DAS collected signals is 

analyzed, and the leak location technology is studied. The 

experimental results show that: 

After pipeline leakage occurs, time domain signal fluctu-

ates obviously, and frequency domain signal energy increases. 

The low-frequency signal appeared when the leakage oc-

curred, and then the signal gradually attenuated. The energy of 

the signal in the frequency domain increases significantly in 

the whole frequency band. For the leakage monitoring, the 

leakage can be judged by analyzing the energy mutation. 

The increase of leakage aperture will gradually increase the 

signal energy, and the proportion of low-frequency signal 

energy in the frequency band will increase, and the leakage 

energy will gradually move from the high frequency band to 

the low frequency band. At this time, the proportion of 

low-frequency signal energy will become the key factor in 

judging the leakage aperture. This analysis is only applicable 

to the identification of small diameter leakage. 

In terms of leakage location, we introduce the location 

technology based on attenuation of acoustic waves and 

cross-correlation analysis. The locating method based on 

attenuation of acoustic waves is to infer the leakage location 

by measuring the energy attenuation when the leakage signal 

propagates in the pipeline. The cross-correlation analysis 

between the leakage signal and different sensors is used to 

determine the location of the leakage point. These two 

methods have advantages and disadvantages, and need to be 

selected and applied according to the actual situation of pipe-

line layout and optical fiber layout. 

6. Conclusion 

In view of the existing DAS system for pipeline leakage 

monitoring of small aperture, this paper studies the pipeline 

leakage monitoring method based on DAS system, and veri-

fies its feasibility through theoretical and application research, 

which provides technical support for DAS system in real time 

monitoring of pipeline leakage and accurate location of 

leakage points in practical projects. 

In practice, the shape of the leak hole is often irregular, 

which can lead to different and specific signals. In addition, 

the signals generated by background noise such as traffic, 

construction, and wind are more complex, which may make it 

difficult to identify and locate leaks. By simulating multiple 

leakage points in complex scenarios, we will further explore 

the performance of DAS technology under different leakage 

modes in the future, providing more comprehensive and re-

liable guidance for practical engineering applications. 

Abbreviations 

DAS Distributed Acoustic Sensing 

DTS Distributed Temperature Sensing 

FFT Fast Fourier Transform 

Φ-OTDR Phase-sensitive Optical Time-Domain 

Reflectometer 
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