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Abstract. Leakage in buried pipelines is a significant cause of water wastage in distribution
systems, resulting in water losses ranging from 30% to 50% in many countries. To address this
issue, techniques have been developed to detect leaks in buried pipes over the last few decades.
The leak detection procedure typically involves three steps: (1) leak detection, which involves
analysis of water pressure/flow measurements along the pipelines; (2) estimation of the
approximate region where the leak occurred through local pressure variations; and (3)
pinpointing the estimated location of the leak to perform maintenance procedures. Acoustic
pinpointing techniques are among the most effective ones to deal with the latter step. These
techniques exploit the delays in time of arrival of acoustic waves, caused by the leak, between
different sensors placed around the suspected leak. By calculating the cross-spectral densities
(CSDs) between sensors and analysing their phase difference over frequency, it is possible to
infer the estimated location of the radiating source. Existing methods rely on access points to the
pipeline through correlators. However, the buried pipe acts as a radiating source, and its location
could also be estimated through ground vibration signals. Although array signal processing
techniques applied to source localization are well-established in the acoustics field, their
adaptation to the vibroacoustic field is less well developed. Among the many challenges, the
identification of wave velocity is one of the most troublesome. In this paper, the effect of the
wave velocity variation on the leak pinpointing is investigated and tested against numerical data.
Results show that the estimation of the leak position is sensitive to the wave velocity variabilities.
The pinpointing error is found to be more significant in terms of the depth of the pipe, compared
to the error on the ground surface.

1. Introduction

Leakage in buried pipelines is a significant cause of water wastage in distribution systems, resulting in
water losses ranging from 30% to 50% in many countries [1,2]. Efforts to reduce water loss in water
distribution systems have resulted in the proposal and investigation of several techniques over the past
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few decades. Of these techniques, cross correlation and vibroacoustic methods have emerged as the most
prominent.

Cross-correlation techniques estimate the leak position from the time delays between the
arrival of leak noise at the sensors, which are placed directly into the pipe or in access points such as
hydrants at knowing positions. These techniques have been investigated in depth, for example by [3-5]
and are well established, especially for metallic pipes. The technique performs well for a range of
situations; however, it is limited by high wave attenuation in polymeric pipes, which are widely used in
water distribution systems nowadays, and by the estimation of the leak noise velocity, which is also
highly dependent on the pipe material and geometry, and the surround medium (soil properties) [11,12].

In the context of acoustics, many techniques to identify acoustic sources and estimate their
power have been well developed and formalized [9]. The general picture consists of an array of
microphones measuring the pressure field caused by an acoustic source, and by applying spatiotemporal
filters to the pressure signals, the locations radiating most acoustic energy and their amplitudes may be
mapped. This field is named acoustic imaging and relies on array signal processing techniques. In the
context of source estimation, the former is widely known as beamforming, and it is applied in many
different other engineering fields such as radio antenna design and seismic wave detection [10]. The
techniques are mainly limited by the number of sensors and their spatial distribution, which defines the
maximum measurable frequencies and the resolution of the signal spectrum.

Recently, [11] proposed the application of acoustic imaging techniques to pinpoint a leak as a
complementary approach to the existing methods. The paper investigated the effect of the measurement
direction on the beamforming output, and results showed that measurements normal to the ground
surface are sufficient to detect a leak from a buried pipe. However, other challenges are yet to be
investigated. In acoustic imaging, the wave velocity is often well defined within a narrow range around
the speed of sound in air. However, for pinpointing leaks by using sensors on the ground surface,
multiple wave-types need to be accounted for that propagate through the ground with different velocities
and amplitudes.

This paper investigates the effect of the wave velocity variation on the steering vector when applying
the beamforming technique to leak pinpointing estimation in buried pipes. From the beamforming
formulation, it is possible to obtain an expression that relates the beamforming output maximum position
with the steering vector wave velocity. Numerical data are used as inputs for a conventional
beamforming (CB) formulation to locate a simulated leak for different wave velocities. The paper is
organized as follows. Section 2 provides a discussion about the beamforming formulation from which
an expression relating beamforming output and wave velocity is derived. Section 3 presents details of
the numerical simulation used to generate the data. In Section 4 the results are presented and discussed.
Finally, Section 5 presents the concluding remarks and future research topics.

2. Analysing wave velocity variation on leak pinpointing with beamforming

In this section, an expression that relates the beamforming output with the wave velocity variation is
derived from an analytical formulation. A general overview on the topic is provided followed by the
mathematical definitions.

Array signal processing is a branch of signal processing that focuses on signals acquired from
propagating waves travelling through an array of sensors. By combining the information from individual
sensors in the array, it is possible to enhance the signal-to-noise ratio, track the energy radiated by
moving sources, and estimate the number of sources and their locations along with their frequency
content. The branch of array signal processing that deals with source estimation may be divided in two
global classifications: beamforming and inverse methods. The authors in [9,10] present a complete
review of the methods and compare them using numerical data. The advantages and limitations of each
technique are discussed in depth as well as their constraints.

This paper explores the beamforming formulation to estimate source position. The idea is the
following: an array of M sensors measure a wavefield s(r;,,, ®) radiated by a source in position ry =
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(x5, zs) and measured at the points 1, = (X;,, Zp,), in Which z,, is set to 0 and 75, = |rg — Iy, is the
distance between source and sensors. An analytical propagation model v(rpm, kp) is defined, commonly
called the steering vector, and it simulates the array signal given a virtual source at position r, with
wavenumber kj,. Again, 7, = |I}, — Iy, | is the distance between control point and sensors. Both spectra
are multiplied, and the beamforming output y(rp) is calculated for a set of arbitrary control points r, =
(xp, zp). When the control point coincides with the source position r, both spectra have a similar shape,
and the beamforming output reaches a maximum. This output may be represented in a map in which the
coordinates are the control points, and the intensity is the beamforming output amplitude. Thus, the
whole operation may be interpreted as the convolution between the measured signal and an analytical
signal through a set of control points. Figure 1 presents a schematic for a planar case showing the source,
the control point and their angles of arrival at a sensor in position X,,,.

It follows that there are two parameters that must be pre-defined to calculate the steering
vector: the control point r;, and a wavenumber k,,. When both the signal (k) and the steering vector
(kp) wavenumbers are the same, scanning through the control points should lead to the correct position
of the source. However, if they differ, the control point in which the output will be a maximum will be
different from the actual source position. A wideband propagating signal is defined as s(rg,, @) =
S(w) exp(—ikrsy,) with wavenumber kg, amplitude S(w) and relative distance to the sensors 7,5. The
steering vector is defined as a complex exponential v(rpm, kp) = exp(—ikprpm) with wavenumber k,,
and relative distance to the sensors 7.

The beamforming operation is described in the form of an equation as

Y(rp' w) = S(w) Z%:O €xp (i(kprpm - ksrsm)) (1)

Eq. (1) can be seen as a bandpass filtering operation, in which the content of the signal spectrum is
amplified around k, and attenuated in the remainder, for fixed 7y, and 7g,,. The filter has a similar
shape of the sinc function and is defined by a main lobe centered in k,, surrounded by several sidelobes
with decreasing amplitude. The main lobe defines the passband region with a bandwidth of ~4m /L, in
which L is the length of the signal. The sidelobes defines the attenuating region. As the value of k,
changes, the filter shifts through the frequency spectrum of the signal, amplifying and attenuating
different regions. When the value of k,, matches k, the filter output will be an amplified version of the

original signal and that is reflected as a maximum peak in the beamforming output map y(rp, w).

Figure 1. 2D schematic with the source at
position (xg, zg), the control point at
(xp, Zp), the sensor location (x,y,, z,,) and
the angles of arrival ¢y, and ¢, The
(x5, 25) distances between source/control point and
SENSOrs are Tgy, and 1yy,.

(xp) 2p)
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Now, to verify how the wavenumber difference is reflected in the source mapping, it should
be noted that the wavenumber measured by the array is the trace wavenumber of the propagating wave

over the array, and the trace wavenumber depends on the angle between the source and the m-th sensor,
(Xm=Xs)

S

components of the source wavenumber kg multiplied by sin(¢s,,). The same is true for the steering
vector wavenumber spectrum. Thus, it is possible to estimate the angles of arrival between the peak

location in the map and each sensor through the expression ¢y, = asin(ks /kp sin qbsm). Since
tan ¢, = (Xp — Xm)/2p, it is possible to obtain the peak coordinates, Xp peak and Zpeax by writing the

¢sm = atan———= as shown in figure 1. For this reason, the wavenumber spectrum contains different

problem as a linear system of M equations and two variables

1 —tan
. . ¢p0 xl’peak (2)

1 —tangyy ppeak Xom tan qbpm

] l X, tan (;bpo

which can be written as Ax=b. To solve the equations, a pre-multiplication by the transpose of A is
performed to obtain a 2 by 2 square matrix followed by another pre-multiplication by the pseudoinverse,

. -1 . .
resulting in x = (ATA) ~(ATb). The solutions for x,, . andz, . are obtained as

M M
=T E t
Zp,peak (A% — MAZ) m=0xm an((j)pm)

where 4; = ¥ _; tan(p,m ) and A, = Th_o tan?(ppm ).

Two preliminary conclusions can be drawn by analysing Egs. (3). First, when the horizontal
position of the source coincides with the middle of the array, the angles of arrival for the sensors on the
left side will oppose those of the right, so that A; = 0. Thus, for this case only the depth will be affected
by the wavenumber difference.

Second, the position deviations are dependent on the wavenumber ratio implicitly as a function
of ¢ppm = asin(ks [kp sin ¢sm). Note that, for values in which k, < ks, the argument of the arcsine
function may become greater than one for sensors horizontally away from the source. This condition
limits the applicability of the expression with increasing kg /k,, because it causes the angles of arrival to
become complex. The arcsine output for numbers greater than one have a constant real part equal to /2
and an imaginary part proportional to the logarithm of the number. The real part of the tangent of a
complex number with a real part equal to /2 tends to zero. In fact, the behavior of both curves with
changes in kg/k), is that, as k,, tends to zero, more terms in the sum become complex and the real part
of more terms tends to zero. In contrast, as k,, approaches infinity, tan(¢,,) — 0 and y,, tends to infinity
due to the A, term in the denominator reaching zero faster than the sum in the numerator.

For the case in which kj,~ks, the output will be in the vicinity of the source, and the position
deviation with k,, is proportional to the actual source depth y, and the signal length L. It is possible to
derive another expression to estimate the wavenumber ratio in which the angles of the sensors further
from the source start to become complex. This happens when sin ¢, = 1, then it is possible to obtain
the wavenumber ratio in which Eq. (2) tends to zero by substituting ks/k;, peak = 1/ sin ¢go. From this
point, as kg /ky, peak increases, the output position rapidly approaches zero.

Figure 2 shows the curves for xp, pear/Xs and zy, peak/Zs as a function of kg /k,, for a uniform
linear array with 3 sensors spaced 0.5 meters apart. The position of the source is x; = z; = 1 meter.
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Only the real part of the peak coordinates is plotted. The threshold at which X, peak and zp, peax rapidly
approaches zero is represented as a vertical black line. From the figure it becomes clear that the
variations in position along zy, ,eai are more sensitive than the ones along x;, ,eax. Moreover, the output

position may rapidly decay to zero even for a small variation on the wavenumber of the steering vector
depending on the position of the threshold adopted. In figure 2, an increase of only 20% of the
wavenumber ratio outputs the peak at the origin. It also becomes clear that, for this case, zj, peak almost

doubles for kg /ky,~0.8, whereas X, pea roughly increases 20%.

5
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Az /z
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%) 3 \\\
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Q I . o,
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P NG . zs. After kg/k,, reaches the threshold,
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1 \ : the origin.
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This section provided an analysis of the steering vector wavenumber variation on the peak
position of the output map. From the considered model, a linear system of equations was solved, and an
expression of the peak position was obtained as a function of the angles of arrival between the source
and sensors ¢, and the number of sensors M and the wavenumber ratio kg/k,,. The expression predicts
that the peak position is more biased along the depth (z direction) than on the surface (x direction). This
means that an underestimation of the wavenumber as an initial guess could be a good approach to deal
with the wavenumber discrepancy. In the results section, which will be introduced later in the text, it is
shown that this is also observed in the numerical data.

3. Wave propagation model

This section provides a brief description of the wave-types involved in leak position estimation and the
importance of developing numerical simulation under controlled conditions. Hence, the main aspects of
the simulation and the predicted dispersion curves are presented herein in this section.

Analytical models to describe the dynamics of buried pipelines have been developed since last
century [12]. From the beginning of the past decade, further studies on the response of buried fluid-filled
pipes due to leak type excitation have been carried out to develop analytical expressions to predict the
fluid-borne wavenumber, as an auxiliary tool to the correlation techniques [17]. It was established that
the axisymmetric fluid-borne wave is excited by pressure waves in the fluid within the pipe, and it is the
main carrier of leak noise energy along the pipe, which wave speed is highly affected by the shear
modulus of the soil [11]. Moreover, the fluid-borne wave might radiate energy into the surrounding
medium given that the wavenumber of the body waves in the medium are higher than the fluid-borne
wavenumber. When that happens, shear and longitudinal waves are radiated into the soil by the pipe and
these waves are measured by the array of sensors. Gao et al [17] developed an analytical expression
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relating pipe pressure with ground displacements due to radiated shear and longitudinal waves by the
pipe.

In summary, for the proposed application, the shear and longitudinal waves radiated by the leak-pipe
system are of great importance. Their propagation velocity depends on the soil mass and elastic
properties. The velocity ratio between both waves is bounded by the Poisson’s constant of the medium,
and the longitudinal wave always propagates at higher wave speed. The simulation was set using the
properties of the Blithfield experimental rig in UK [3] and are summarised in Table 1.

Table 1. Pipe and soil properties considered in the simulation.

Pipe Properties
Young’s Modulus (N/m?) 2x10°
Density p, (kg/m?) 900
Mean Radius (mm) 84.5
Wall Thickness (mm) 11
Loss factor n,, 0.06

Soil Properties

Bulk modulus (N/m?) 5.3x 107

Shear modulus (N/m?) 2.0x 107
Density (kg/m3) 2000
Bulk and shear loss factors 0.15

The water-pipe-soil system was analysed using a 2D axisymmetric finite element model developed
in COMSOL Multiphysics software (v5.2). The simulation was conducted in the frequency domain with
a frequency range of 50 to 500 Hz in steps of 10 Hz. A monopole source was placed at the centre of a
20-meter-long cylindrical shell filled with water to simulate a leak in the pipe. The computational
domain was discretised using rectangular quadratic (second order) Lagrange elements, and a fine mesh
was used to ensure accurate numerical predictions. A Perfectly Matched Layer (PML) element was
applied to the boundary of the computational domain to minimise reflections of outgoing waves. The
pipe wall and surrounding fluid was meshed with element size of 3 mm, while the soil further away
from the pipe was discretised with element size of 30 mm. The water was modelled as a fluid using the
COMSOL Pressure Acoustics module, while the pipe and soil were modelled as linear elastic media
using the Solid Mechanics module. The Acoustic-Structure boundary condition was used to couple the
pressure acoustics model to the structural component. The simulation was performed with the monopole
source placed at the origin of the domain, and the frequency domain was used for numerical
computations to obtain the response of the water-pipe-soil system under monopole source excitation.
The simulation output is the mobility of soil particles in a plane grid of 5 by 5 points at coordinates
(Xm, Ym, 1) distant 0.5 meters apart, comprising an area of 2 by 2 meters. The plane where the mobilities
were taken is one meter distant from the centre of the pipe. This grid was chosen to have the first sensor
of the array vertically aligned with the monopole. Figure 3 shows a simplified description of the
simulation with the coordinate system. The particle velocities are taken in three directions w, v and u,
but only w was considered for this paper. The numerical data is used as input for the conventional
beamforming (CB) formulation to estimate the monopole location (i.e., leak source)
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Figure 3. Schematic of the simulation (left) and upper view of the array (right). The monopole is
inside the pipe and the measurement plane is one meter above. The particle velocities are taken over a
grid of 5 by 5 points at positions (x;,, ¥,) represented as the red dots on the left. The first sensor of
the array is vertically aligned with the monopole.

The non-dimensional dispersion curves of each propagating wave in the simulation are plotted in figure
4. The wavenumber is multiplied by the sensors spacing d = 0.5 meters, and the aliasing limit for which
the array may detect the waves is 7. The limit is added to the figure as a reference for convenience. The
figure shows that the array can only operate in a considerable frequency range without suffering aliasing,
given that the longitudinal wave dominates the system response, which is observed in the vicinity of the
monopole source.

4
35¢
Aliasing Limit
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g 2
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Al Figure 4. The non-dimensional
wavenumber for the propagating waves
0.5 1 in the simulation. The aliasing limit is
added as a reference.
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In summary, this section described the numerical simulation setup and presented the dispersion curves
of the propagating waves in the pipe-soil system. Simulated data from a large array is available to test
the beamforming technique and to assess the effect of the steering vector wavenumber variability on the
results.

4. Results and Discussion

From the numerical data, an analysis to investigate the bias in the steering vector wavenumber on the
position of the beamforming output peak is carried out. Besides, a performance parameter is defined as
the relative distance between the actual source and the position of the output peak. Since, it was observed
in Section 2 that the changes in k,, affect mostly the depth of the output, the relative distance is separated
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into horizontal distance (along x and y) and vertical distance (along z). The parameters are defined
simply as

AH = |rg — 1|

4)
AZ = |Zs — Zpl,

1
where 1y, = (x2, + y2,)?. The parameters are calculated for different values of k, ranging from 0.5
to 1.5 the value of k. All cases use the same square array geometry with 5 by 5 sensors distant 0.5
meters apart. The array centre is positioned at 1 meter from the source and from the pipe, and the
beamforming output is calculated over a control point region forming a cube of dimensions 5 by 5 by 5
meters beneath the array. To compare the output peak position in different directions, the map is
averaged along one fixed direction, i.e., to compare the position deviation along the ground surface the
map is averaged along the 5 meters in z direction. Figure 5 shows the relative distances for different
values of kg/k,,. The relative distance predicted by Eq. (3) is added as black bars, considering a 1D
array with 5 sensors and same sensor spacing. The results presented in figure 5 shows that even if the
wavenumber of the steering vector is half of actual one, the beamforming output still estimates the
horizontal position with a deviation of only 0.25~0.5 meters from the source position but estimates the
vertical position with a deviation of 2 meters. Another interesting observation is the asymmetry in
relation to ks/k, = 1 for both coordinates. Above this value, AH drastically increases whereas AZ
remains around unity. This is because the vertical estimate tends to zero, which is reflected in a AZ~1.

For AH, the increase in deviation after % = 1 might be due to the fact that the averaged output is being
p

considered to extract the peak location, thus sidelobes might contribute to the peak location in the
horizontal plane in such a way that the deviation increases.

(a) (b)

25
I Numerical
Il ~redicted

k_/k
s p

Figure 5. The relative distance between source and maximum output for different values of kg /k,.
The distance along the depth (a) is more sensitive than the one along the ground surface (b). The
deviation predicted from Eq. (3) is added as the black bars for comparison.

In figure 6, the red dots represent the sensors positions, the blue dot represents the monopole position
and the black line is the pipe. The averaged beamforming output is shown in the colour bar next to the
map. Figures 6(a)i and 6(a)ii represent the beamforming output for kg/k, = 1 and Figures 6(b)i and
6(b)ii for kg/k, = 0.8. Moreover, the captions (i) and (ii) stand for ground surface and ground depth,
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respectively. It is possible to highlight that the position along the z direction deviates considerably more
than the position in the xy plane, as predicted by Eq. (3).
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Figure 6. Beamforming output map for k,/k,, = 1 (left) and k,/k,, = 0.8 (right). The upper row are
the maps on the xy plane (horizontal direction) and the bottom row on the zx plane (vertical
direction). The red dots represent the sensors of the array, the blue dot the monopole source, the green
dot the peak position and the black line the pipeline.
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In summary, the beamforming output applied to the numerical data for different values of kg/k,
were analysed to investigate the effect of k,, variation on the maximum output position. From the
analytical expression it was predicted that the depth of the maximum output is more sensitive to
variations of k,, than the bias on the ground surface for the leak position estimation, and this was also
confirmed by the numerical data.

5. Conclusions

This paper investigated the effect of the steering vector wavenumber bias on the beamforming output
for leak position estimation. From the beamforming formulation, two expressions that gives the
coordinates of the beamforming output peak location were obtained and showed that the deviations in
the output position along the depth are way more significant than the ones along the ground surface.

A leak-pipe system was simulated using COMSOL, and the generated data were used as input to the
beamforming technique. The steering vector wavenumber was “tunned” from 0.5 to 1.5 times the value
of the source wavenumber kg and the beamforming output calculated for each value. The deviations
between the actual source position (i.e., leak) and the beamforming output peak position were calculated
for two different directions: one for the ground surface AH and the other one for the depth AV. The
Results are in accordance with the expressions obtained in Section 2, so that the biased wavenumber of
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the steering vector presents a higher impact on the depth estimation of the leak position than its location
on the ground surface. Furthermore, this result contributes to the further development of a seismic
camera to estimate the leak position via the beamforming technique. The results show that, even though
there might be variabilities of the wavenumber, it is still possible to locate the leak with relatively good
accuracy, since for most of cases the depth of the pipe is usually known, and the main challenge is to
obtain the leak position along the ground surface. It is also shown that, in general, an underestimation
of the wavenumber leads to a better initial estimate.

In conclusion, the beamforming performance is highly sensitive to the steering vector wavenumber,
although mostly to estimate the source depth. The source position along the ground surface deviates
considerably less. This result provides a useful insight into the limitations of applying array signal
processing techniques to leak position estimation and broadens the way to developing more
sophisticated and adapted algorithms specific for ground vibration and optimized to leak location in
buried water pipes.
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