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A B S T R A C T

Water leakages in buried plastic pipelines pose significant challenges due to high wave attenuation, which limits 
the effectiveness of conventional acoustic detection methods. A widely used approach relies on the cross- 
correlation of leak noise signals measured at two distinct positions along the pipeline to estimate the time 
delay and infer the leak location from pipe vibration data. In practice, the method may become unreliable when 
the propagation velocity of the leak noise or the time delay is poorly estimated, which frequently occurs in plastic 
pipes and heterogeneous soils. To assist correlation-based surveys, this paper presents a non-invasive leak pin
pointing technique termed the Seismic Camera Method (SCM). The approach uses a mobile array of ground- 
mounted vibration sensors combined with beamforming and seismic wave analysis to generate real-time vi
sual maps that guide users to the leak location. The method accurately estimates the direction of arrival (DOA) of 
leak-induced body waves propagating to the ground surface, thereby transforming the sensor array into a 
directional imaging tool. Depth averaging and summing over multiple frequency bands are used to reduce errors 
due to grating lobes, ensuring robust leak pinpointing performance. Numerical simulations and experimental 
validations demonstrate that the approach reliably converges on the leak location despite uncertainties in wave 
speed and soil properties. The proposed methodology demonstrates the feasibility of the seismic camera concept 
for supporting leak surveys in plastic water distribution systems, indicating its potential to reduce search area 
and perhaps inspection time.

1. Introduction

Leakage in water distribution systems remains a critical global 
challenge, with annual losses estimated at 126 billion m3 and associated 
costs of about 39 billion US dollars [1]. Considerable research effort has 
therefore been directed towards the development of reliable leak 
detection and localisation techniques, spanning acoustic methods [2], 
transient-based approaches [3], and data-driven and hybrid sensing 
strategies [4]. Among these, acoustic methods based on leak noise cor
relation remain one of the most widely used approaches for leak pin
pointing [5]. In this method, the time delay between signals recorded at 
two spatially separated sensors is estimated and combined with an 
assumed propagation velocity to infer the leak position. However, per
formance is strongly dependent on signal coherence, accurate knowl
edge of wave speed, and suitable sensor placement. These requirements 

are particularly restrictive in plastic pipes, which are increasingly used 
in modern water distribution networks [6]. Compared with metallic 
pipes, plastic pipes exhibit higher attenuation, stronger fluid
–structure–soil coupling, and increased dispersion, all of which signifi
cantly reduce the effective sensing range and degrade correlation-based 
time-delay estimation [7–10]. To address these limitations, a range of 
improvements to acoustic leak pinpointing has been proposed. These 
include cross-correlation shaping [11], the differentiation process [12], 
and more advanced approaches based on wavelet and data-adaptive 
techniques [13], cepstral analysis [14], and cross-spectral phase 
methods [15], as well as multipath identification techniques [16], which 
enable simultaneous estimation of leak location and wave speed. Despite 
these developments, acoustic methods remain fundamentally limited by 
their reliance on pipe-borne or fluid-borne signals, which are highly 
sensitive to attenuation, environmental noise, and uncertain 
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propagation conditions.
An alternative perspective is to exploit the fact that leak-induced 

disturbances are not confined to the pipe system but also radiate into 
the surrounding soil, where they propagate as elastic waves and can be 
detected at the ground surface [17,18]. This enables non-invasive 
measurement using ground vibration sensors such as geophones. In 
this context, array-based signal processing methods, particularly 
beamforming, provide a natural framework for estimating the direction 
of arrival (DOA) of wavefields from spatially distributed measurements 
[19,20]. Beamforming has been successfully applied in related areas 
such as structural health monitoring [21] and pipeline systems [22,23], 
demonstrating its capability for source localisation in complex 
environments.

However, its direct application to buried water pipe leak pinpointing 
remains challenging. The wavefield generated by a leak in soil is 
inherently complex, consisting of mixed wave types and near-field ef
fects, and is strongly influenced by soil heterogeneity and ambient noise 
[24]. Conventional beamforming formulations typically assume 
simplified propagation conditions, including homogeneous media and 
well-defined wave speeds, and their performance degrades when these 
assumptions are violated. In addition, practical limitations on array 
aperture and sensor spacing introduce spatial aliasing and restrict usable 
frequency ranges, further complicating reliable DOA estimation. Alter
native non-invasive approaches have also been explored. Acoustic 
emission techniques using ultrasonic sensor arrays can improve spatial 
resolution but are difficult to scale in field conditions due to coupling 
and alignment constraints [25]. Surface-based seismic imaging ap
proaches have been proposed for mapping ground vibrations but often 
neglect the coupled pipe–soil interaction mechanisms that govern leak 
radiation [26]. Despite advances in robust beamforming for reverberant 
and noisy environments [27,28], its adaptation to buried pipeline leak 
localisation remains limited, particularly in the presence of mixed 
wavefields and uncertain propagation characteristics.

To address these challenges, this paper introduces the Seismic 
Camera Method (SCM), a non-invasive leak pinpointing approach based 
on iterative DOA estimation using a roving array of ground vibration 
sensors. Unlike conventional acoustic methods, SCM does not require 
access to the pipe or precise prior knowledge of wave speed. Instead, 
pinpointing is achieved through directional guidance, whereby beam
forming estimates are used to iteratively reposition the sensor array until 
convergence to the leak location. The proposed framework incorporates 
two key signal processing strategies to improve robustness. First, fre
quency summing is employed to stabilise DOA estimates by reducing 
incoherent and frequency-dependent artefacts. Second, depth averaging 
is introduced to account for the vertical distribution of wave energy in 
the soil. The performance of the method is systematically evaluated 
using a simplified finite element model of a buried medium-density 
polyethylene (MDPE) pipe, enabling controlled analysis of frequency 
dependence and wave-speed uncertainty. Experimental validation on a 
buried pipe test rig further demonstrates that the method can reliably 
localise leaks despite uncertainty in propagation conditions, thereby 
bridging numerical predictions with practical applicability.

This work presents SCM as a proof-of-concept for leak pinpointing in 
buried plastic pipes, with the primary objective of establishing feasi
bility rather than providing a comprehensive treatment of field condi
tions. The numerical and experimental results are therefore obtained 
under simplified assumptions, including homogeneous soil and an ide
alised monopole source, so that the core principles of iterative DOA 
estimation and robustness to wave-speed uncertainty can be assessed in 
isolation. A simple square-array configuration and conventional beam
forming framework were adopted to demonstrate the leak pinpointing 
concept without introducing additional complexity associated with 
array-design optimisation or advanced signal-processing strategies. 
Although the results are encouraging, extension to practical water net
works will require further work on soil anisotropy, variable leak dy
namics, optimised array configurations, and environmental noise, which 

lie beyond the scope of this initial investigation.
The paper is structured as follows: Section 2 introduces the SCM 

framework, detailing wave propagation mechanisms and the funda
mentals of beamforming. Section 3 presents a parametric analysis of 
critical operational parameters using numerical simulations, while 
Section 4 provides experimental validation of the method, demon
strating its potential as a scalable, non-invasive leak pinpointing tool. 
The results are discussed in Section 5, and the main conclusions are 
presented in Section 6.

2. Seismic camera method for water leak pinpointing

This section introduces the basic principles underlying the operation 
of the SCM, including wave propagation mechanisms in buried plastic 
pipes and the surrounding medium, beamforming techniques, and pro
cedures for pinpointing leaks.

2.1. Wave propagation in leaking buried pipes

Understanding wave propagation in leaking buried pipes and the 
surrounding medium is fundamental to interpreting leak-induced vi
brations and enabling reliable detection. Fig. 1 illustrates the main 
propagation mechanisms. A leak generates localised pressure fluctua
tions within the pressurised fluid, which propagate as longitudinal 
acoustic waves along the fluid column and pipe wall, and as body waves 
in the surrounding soil.

The transmission of energy into the soil occurs through two primary 
mechanisms [17]: direct radiation from the leak and radiation from the 
vibrating pipe wall. These mechanisms correspond to different spatial 
propagation regimes. In the near field of the leak, i.e. in regions close to 
the leak, body waves propagate directly from the source into the sur
rounding soil. These waves are predominantly compressional and 
exhibit approximately spherical wavefronts. At larger distances from the 
leak, the response transitions to the far field, where the contribution 
from the vibrating pipe becomes more significant. In this regime, both 
compressional (P) and shear (S) body waves propagate with well- 
defined directions and conical wavefronts. Additionally, at lateral off
sets from the pipe axis comparable to the burial depth, incident body 
waves can generate surface waves and reflected bulk waves due to in
teractions with the ground surface and subsurface interfaces [29,30]. As 
a result, the measured vibration field at the surface is generally a su
perposition of multiple wave types and propagation paths.

The scattering of body waves is controlled by the acoustic impedance 
mismatch at the pipe-soil interface and the difference in wave speeds 
between the two media [10]. A significant impedance mismatch tends to 
confine energy within the pipe, whereas a smaller mismatch allows more 
energy to be radiated into the soil. Similarly, energy is efficiently 
transmitted into the soil as compressional/shear body waves and surface 
waves, only when the wave speed in the pipe exceeds that in the soil. 
Otherwise, the resulting waves in the soil are evanescent, decaying 
exponentially with radial distance rather than propagating outward. The 
compressional wave speed cp and shear wave speed cs in a homoge
neous, isotropic soil are given by [10]. 

cp =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Bsoil + 4Gsoil/3

ρsoil

√

and cs =

̅̅̅̅̅̅̅̅̅
Gsoil

ρsoil

√

(1) 

where Gsoil, Bsoil, and ρsoil are, respectively, the shear modulus, bulk 
modulus, and density of the soil. The far-field P- and S-waves impinge on 
the ground surface at angles of incidence ϕp and ϕs, respectively [17]: 

ϕp = arccos
(

cp

c0

)

and ϕs = arccos
(

cs

c0

)

(2) 

where c0 is the pipe acoustic wave speed given by [10]
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c0 = cwater

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
1

Epipehpipe
2Bwaterapipe

+
Gsoil

Bwater

√
√
√
√ (3) 

where Epipe, hpipe, and apipe are, respectively, the Young’s modulus, pipe- 
wall thickness, and radius of the pipe; cwater = 1500 m/s is the speed of 
sound in water; and Bwater = 2.2 GPa is the bulk modulus of water. Soil 
type and stiffness also affect the wave propagation behaviour: well- 
compacted, stiff soils transmit body waves more effectively than loose 
or water-saturated soils. For example, sandy soils support both 
compressional and shear waves, while saturated clays attenuate shear 
waves due to their low stiffness and viscoelastic damping [31]. Burial 
depth influences radiation patterns, so that, shallower burial depths 
promote the direct radiation of spherical waves detectable at the surface, 
whereas greater burial depths tend to confine energy along the pipe 
before it radiates conically into the soil.

As mentioned in the introduction, the detection of leak-induced 
seismic waves on the ground surface offers a significant potential for 
detecting and locating leaks. The directional attributes of these waves 
can be exploited to estimate the leak location. Beamforming techniques 
for estimating DOA of source signals are described in the following 
subsection.

2.2. Conventional beamforming for source localisation

Beamforming, a spatial filtering technique that utilises sensor arrays, 
enhances directional signal reception or transmission by combining 
sensor signals to constructively reinforce waves from specific directions 
while destructively suppressing others. This method is widely used in 
fields such as radar, sonar, seismology, wireless communications, radio 
astronomy, acoustics, audio applications, and medical imaging [32,33].

The simplest form of beamforming is the conventional or delay-and- 
sum beamformer [20], which works by aligning or steering the signals 
temporally or spectrally to enhance coherence from a target direction. 
Steering the beamformer involves applying time delays (in the time 
domain) or phase shifts (in the frequency domain) that correspond to the 
desired direction, leveraging the spatial distribution of the sensors in the 
array to resolve source signal DOA and/or source locations. The adjusted 
signals are then summed, enhancing the target direction while sup
pressing others. The fundamental operation of the receiver delay-and- 
sum beamformer is described as follows. Consider a sensor array con
sisting of M sensors, where the sensor is positioned at the coordinates 
rm =

(
xm, ym, zm

)
for m = 1, 2, ⋯,M. Suppose a source located at r0 =

(
x0, y0, z0

)
emits a signal s(t). Then, the signal gm(t) measured by the 

m-th sensor can be expressed as: 

gm(t) = a(t) ⊗ s(t − τm)+ nm(t) (4) 

where s(t) is the source signal, a(t) denotes attenuation effects, ⊗ de
notes convolution, nm(t) represents noise at the m-th sensor, τm =

‖rm − r0‖
c 

is the time delay between the source and the received signals, c is the 

speed of wave in the medium, and 

‖rm − r0‖ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(xm − x0)
2
+
(
ym − y0

)2
+ (zm − z0)

2
√

is the Euclidean dis
tance between the source and the sensor. The relative delays in the 
sensor signals will depend on the direction from which the signal arrives 
at the sensor array. The delay-and-sum beamformer determines the DOA 
or source location by systematically scanning all potential source loca
tions within a predefined grid and evaluating the power of the time- 
aligned and summed signals at each grid node/point. For each hypo

thetical source location rp =
(

xp, yp, zp

)
within the grid, sensor signals 

are temporally aligned by applying delays ̃τmp = −
‖rm − rp‖

c , summed and 
normalised by the number of sensors to yield the beamformer output 
given by: 

P
(

t, xp, yp, zp

)
=

1
M
∑M

m=1
wmgm

(

t − τ̃mp

)

=
1
M
∑M

m=1
wmgm

(
t −

‖rm − rp‖

c

)
(5) 

where wm are weights (usually set to 1) that adjust individual sensor 
signal contributions. Constructive interference amplifies the output 
power when rp aligns with the true source location r0, while phase 
mismatches at other grid points result in lower beamformer output 
levels. This procedure generates a source power map, where the peak 
value corresponds to the most probable source location.

While this time-domain approach is straightforward, it lacks the 
flexibility to incorporate optimisation techniques as effectively as 
frequency-domain beamforming. The frequency-domain beamformer 
output is given by: 

P
(

ω, xp, yp, zp

)
=

1
M
∑M

m=1
Wm(ω)αm

(
ω, xp, yp, zp

)
Gm(ω) (6) 

where Gm(ω) is the Fourier transform of gm(t), Wm(ω) is the frequency- 
domain weight (typically set to unity for conventional beamforming), 

and αm

(
ω, xp, yp, zp

)
is the steering function for the m-th sensor 

αm

(
ω, xp, yp, zp

)
= exp

{

-jωτ̃mp

}

=
1

‖rm − rp‖
exp

{
-jk‖rm − rp‖

}
(7) 

where ω = 2πf is the angular frequency (f is the frequency), k = ω
c is the 

wavenumber, and j =
̅̅̅̅̅̅̅
− 1

√
is the imaginary unit. The beamformer 

output in Eq. (6) can be implemented in a more computationally 
convenient and efficient form in terms of the cross-spectral matrix: 

R̂(ω) = G(ω)GH(ω) =

⎡

⎢
⎢
⎣

G1(ω) GH
1 (ω) ⋯ G1(ω) GH

M(ω)

⋮ ⋱ ⋮
GM(ω) GH

1 (ω) ⋯ GM(ω) GH
M(ω)

⎤

⎥
⎥
⎦ (8) 

as 

Fig. 1. Schematic of wave propagation in soil surrounding a leaking buried water pipe, illustrating leak-induced body waves and pipe vibrations.
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P
(

ω, xp, yp, zp

)
= αH

(
ω, xp, yp, zp

)
WH(ω)R̂(ω)W(ω)α

(
ω, xp, yp, zp

)
(9) 

where Wdiag(ω) is a diagonal matrix formed from the frequency-domain 

weights, and the steering vector α
(

ω, xp, yp, zp

)
=

⎡

⎢
⎢
⎢
⎢
⎣

α1

(
ω, xp, yp, zp

)

α2

(
ω, xp, yp, zp

)

⋮
αM

(
ω, xp, yp, zp

)

⎤

⎥
⎥
⎥
⎥
⎦

encapsulates the relative phase shifts across the array for a signal 
arriving from the location rp within the grid. The superscript H denotes 
the conjugate transpose. Diagonal removal, which sets the diagonal el
ements of the cross-spectral matrix to zero to suppress incoherent noise, 
is usually applied to the cross-spectral matrix to improve the beam

forming output [34]. The quantity P
(

ω, xp, yp, zp

)
can be interpreted as 

the relative power of the source signal at frequency ω at the array po
sition if the source were located at rp. Hence, the grid point rs =

(
xs, ys,

zs
)

that maximises the beamformer output provides an estimate of the 
source location. Alternatively, the DOA of the source signal can be 
described, relative to the array centre rc =

(
xc, yc, zc

)
, by two angles: the 

azimuth angle ϕ = arctan
(

ys − yc
xs − xc

)

, measured in the horizontal plane 

between a reference axis (e.g., the x-axis) and the projection of the 
source direction onto that plane, and the zenith angle θ =

arccos
(

zs − zc
‖rs − rc‖

)

, measured from the positive vertical axis to the source 

direction.
The frequency-domain formulation described above applies only to 

narrowband signals, where the bandwidth is a small fraction of the 
centre frequency. Beamforming for wideband signals is performed by 
dividing them into narrowband frequency bins, each processed inde
pendently, and then combining the results to produce the final beam
former output [19]. This allows frequency-specific optimisation of the 
steering vector, enabling improved representation of wave propagation 
effects and greater flexibility in selecting analysis frequencies to appli
cation needs. The factors that affect beamforming performance are 
discussed in the following subsection.

2.3. Factors affecting conventional beamforming performance

Beamforming performance is governed by the interplay between 
array geometry, spatial sampling, signal characteristics, and the chosen 
processing strategy. The directional response of an array is described by 
its beampattern, which comprises a main lobe in the look direction and 
side lobes corresponding to unwanted sensitivity to signals from other 
directions [20]. Narrow main lobes improve angular resolution, whereas 
low side-lobe levels reduce interference and false detections. Beampat
tern characteristics—main-lobe width (beamwidth) and side-lobe 
levels—together with inter-sensor coherence directly constrain prac
tical performance [35].

Because a sensor array samples the wavefield in space, its design is 
subject to a spatial analogue of the Nyquist sampling theorem. If the 
inter-element spacing d exceeds half the wavelength, spatial aliasing 
occurs, resulting in grating lobes, which are additional beampattern 
maxima that can be mistaken for the true source direction [19]. For far- 
field plane waves, a standard requirement is d ≤ λmin

2 , where λmin corre
sponds to the shortest wavelength of interest [20]. At low frequencies, 
performance is instead limited by array aperture. For an array of aper
ture D, the beamwidth Δθ scales as Δθ ∼ λ/D, so as wavelength in
creases, the directional response broadens, leading to poor 
discrimination between incident wave directions [20]. Reliable DOA 
estimation therefore requires a sufficiently large aperture to produce 
sufficient phase variation across the sensors [35].

Beamforming is also sensitive to errors in the assumed propagation 
speed. If the wave speed is over- or underestimated, the steering delays 

become inaccurate, reducing phase coherence, weakening the main 
lobe, increasing side-lobe energy, and degrading pinpointing accuracy. 
Dispersion further worsens these effects by introducing frequency- 
dependent phase errors [36]. The choice of beamforming weights also 
matters: uniform weights maximise directivity but increase side-lobe 
levels, whereas tapered weights suppress side lobes at the cost of a 
broader main lobe [35]. More advanced adaptive methods such as 
minimum variance distortionless response (MVDR) [37], multiple signal 
classification (MUSIC) [38], and estimation of signal parameters via 
rotational invariant techniques (ESPRIT) [39] can improve interference 
rejection and DOA estimation, but they depend on reliable covariance or 
steering-vector estimates and typically incur greater computational cost.

Array geometry further shapes performance. Uniform linear arrays 
are simple, but provide limited angular coverage, whereas planar and 
volumetric arrays offer improved spatial resolution and broader 
coverage at the expense of greater hardware and computational 
complexity [40]. Signal quality and propagation conditions are also 
important: higher SNR and strong inter-sensor coherence improve 
localisation accuracy [19,20], whereas noise, multipath, attenuation, 
dispersion, and mixed wave types degrade DOA estimates [41,42].

Overall, beamforming effectiveness depends on a trade-off between 
array design, processing parameters, and operating conditions. 
Reducing sensor spacing helps suppress aliasing, while increasing 
aperture improves angular resolution; for a fixed aperture, this generally 
requires more sensors, with corresponding increases in system 
complexity and cost. Frequency selection is similarly important: higher 
frequencies improve angular resolution but increase aliasing risk unless 
the array spacing is sufficiently small [43], whereas lower frequencies 
are often more robust to attenuation in lossy media but provide poorer 
directional discrimination [44]. The optimal frequency band therefore 
balances attenuation, coherence, noise, and array constraints.

2.4. Leak pinpointing procedures using the seismic camera method

The SCM combines surface vibration measurements with frequency- 
domain beamforming and iterative array repositioning to pinpoint leaks 
in buried pipes. It exploits the directional propagation characteristics of 
the body waves generated by the leak, as described in Section 2.1.

Two operational zones can be distinguished according to the position 
of the sensor array relative to the leak. In the pipe-oriented zone (POZ), 
the array is located far from the pipe, and the measured response is 
dominated by far-field waves radiated from the vibrating pipe; the 
estimated DOA therefore tends to point towards the pipe axis. In the 
leak-oriented zone (LOZ), the array is close to the leak or directly above 
the pipe, and the estimated DOA instead points towards the leak loca
tion. The SCM exploits this transition in directional behaviour by first 
guiding the array towards the pipe alignment and subsequently towards 
the leak, regardless of the initial array position. The POZ and LOZ are 
introduced as operational descriptors of these two distinct directional 
behaviours rather than as spatially fixed regions separated by a uni
versal boundary. The location of the transition depends on propagation 
conditions, including soil properties, source–structure coupling, mea
surement geometry, and frequency-dependent attenuation, which 
determine the relative influence of pipe-guided and leak-radiated 
wavefields. Consequently, the extent of each regime is expected to 
vary between installations, and no single quantitative threshold is 
imposed in the present work.

The SCM employs the beamforming formulation described in Section 
2.2 as a core processing step within an iterative pinpointing framework. 
An array of ground vibration sensors is placed at a given surface loca
tion, and signals are recorded simultaneously. The signals may be pre- 
processed using band-pass filtering to retain frequency components 
with high inter-sensor coherence and acceptable attenuation. For each 
selected frequency bin with centre frequency ωn, the beamformer output 
is computed using Eq. (6) over a predefined three-dimensional search 
region. To improve robustness, the outputs are summed across the 
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selected N frequency bins: 

Ptotal

(
xp, yp, zp

)
=

∑N

n=1
P
(

ωn, xp, yp, zp

)
, (10) 

thereby reducing frequency-dependent artefacts and enhancing consis
tent spatial features. The resulting three-dimensional map represents the 
spatial distribution of coherent energy around the array. Regions of 
higher power indicate closer proximity to the source. An example of 
such a map is shown in Fig. 2(a). Rather than directly interpreting the 
three-dimensional map to estimate source position, the SCM introduces 
a projection step in which the map is collapsed onto the horizontal plane 
by averaging over depth: 

P2D

(
xp, yp

)
=

1
Q

∑Q

q=1
Ptotal

(
xp, yp, zq

)
, (11) 

where Q denotes the number of depth layers. This operation reduces 
dimensionality and suppresses spurious depth-dependent maxima, 
while retaining the horizontal localisation information. The depth- 
averaging interval is selected to encompass the physically relevant re
gion over which the leak-induced wavefield is expected to produce a 
significant beamformer response. Since the pipe burial depth is gener
ally known approximately from utility records or as-built drawings, the 
depth projection is not intended to estimate source depth explicitly. 
Instead, it integrates the beamformer output over a depth range 

Fig. 2. Illustration of the SCM: (a) three-dimensional beamforming output from seismic measurements above a leaking buried pipe; (b) iterative leak pinpointing.
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extending from the ground surface to below the pipe, thereby accom
modating modelling uncertainty, finite beamformer resolution, and 
mode-conversion effects while retaining the dominant leak-related 
response.

The resulting two-dimensional map P2D is used for localisation: the 

point of maximum intensity 
(

x(k)
s , y(k)s

)
at iteration k defines the esti

mated DOA relative to the array centre 
(

x(k)
c , y(k)c

)
. If required, the 

corresponding azimuth angle may be computed using the relation given 
in Section 2.2. The array is subsequently translated by a predefined step 

size Δ in the direction of 
(

x(k)
s , y(k)s

)
. Signal acquisition, beamforming, 

and array repositioning are repeated iteratively until the location of 
maximum intensity lies within a specified tolerance ε of the array centre, 
i.e., 

d(k) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

x(k)
s − x(k)

c

)2
+
(

y(k)
s − y(k)

c

)2
√

≤ ε (12) 

The stopping tolerance may be specified in terms of a permissible 
angular deviation from the vertical direction corresponding to the array 
being directly above the leak. For a pipe buried at depth zpipe, an angular 
tolerance δ corresponds to a horizontal localisation tolerance, 

ε = zpipetan(δ) (13) 

Smaller values of δ impose stricter convergence requirements and 
therefore higher localisation precision, whereas larger values reduce the 
number of iterations at the expense of localisation accuracy. The values 
of δ and zpipe should be selected according to the requirements of the 
specific application and are not fixed by the proposed method. For 
illustration, a maximum angular deviation δ = 3◦ corresponds to a 
horizontal tolerance of ε = 0.052 m for a pipe burial depth of 1 m. At 
convergence, the array centre lies within the prescribed localisation 
tolerance of the leak position, and the corresponding coordinates are 
reported. The SCM procedure is summarised in Procedure 1.

Procedure 1. Iterative SCM procedure for leak localisation. 

1. Initialisation: Place the sensor array at an initial location on the 
ground surface.

2. Signal Acquisition: Measure ground vibrations simultaneously 
across all sensors.

3. Beamforming: Compute beamformer output P
(

ωn, xp, yp, zp

)
using 

Eq. (6) across selected frequencies ωn at points within the predefined 
search region around the current array centre.

4. Frequency Averaging: Compute Ptotal

(
xp, yp, zp

)
using Eq. (10).

5. Depth averaging: Compute P2D

(
xp, yp

)
using Eq. (11).

6. DOA estimation: Identify 
(

x(k)
s , y(k)s

)
corresponding to the 

maximum of P2D

(
xp, yp

)
, and compute (ϕ, θ) if required.

7. Array Advancement: Move the array by a predefined step size Δ 

towards 
(

x(k)
s , y(k)s

)
.

8. Convergence Check: Compute  

d(k) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
x(k)

s − x(k)
c

)2
+
(

y(k)s − y(k)c

)2
√

. If d(k) ≤ ε, terminate; 

otherwise, return to Step 2.
9. Output: Report the leak coordinates.

The iterative behaviour of the SCM is illustrated in Fig. 2(b). When 
the array is positioned far from the pipe (in the POZ), the beamformer 
output is dominated by far-field radiation from the pipe, and the esti
mated DOA guides the array towards the pipe alignment (Iterations 
1–2). As the array approaches the pipe or the leak, the response tran
sitions to the LOZ, and the estimated DOA shifts towards the leak 

location (Iterations 3–5). This transition reflects the underlying wave 
propagation mechanisms and enables the SCM to converge to the leak 
location even when the initial array position is remote from the source.

While SCM employs the conventional beamforming formulation 
described in Section 2.2, its mode of operation differs fundamentally. 
Conventional beamforming is typically applied as a single-step, fixed- 
array imaging or DOA estimation technique, where the peak of the 
beamformer output directly yields the source location. In contrast, the 
SCM uses beamforming as an intermediate locally applied estimator 
within an iterative, closed-loop pinpointing framework. The beam
former output is not interpreted as the final source position; instead, it 
provides a directional cue that guides the progressive movement of the 
sensor array until convergence at the leak location is achieved. 
Furthermore, depth averaging combined with array translation converts 
the problem from static imaging into a dynamic search process. The SCM 
thus reframes leak pinpointing as an adaptive, iterative procedure that 
integrates wave propagation behaviour, spatial filtering, and sensor 
mobility. This enables practical, field-deployable pinpointing using a 
compact mobile array, without the need for a large, fixed aperture or 
full-field coverage.

In practical applications, the performance of the SCM depends on 
several factors. The selected frequency band must balance attenuation 
and coherence to ensure reliable phase alignment across sensors. The 
assumed wave speed used in the steering vector must be sufficiently 
accurate to avoid systematic DOA bias. The array step size must be 
chosen to ensure stable convergence without excessive iterations or 
overshooting. In addition, multipath propagation, mode conversion, and 
mixed wave types may introduce secondary maxima in the beamforming 
map; the combined use of frequency averaging and depth projection 
mitigates, but does not entirely eliminate, such effects. In the following 
section, the SCM is evaluated using numerical simulations and experi
mental measurements, focusing on the influence of key beamforming 
parameters on DOA estimation and leak pinpointing.

3. Parametric study of the seismic camera method

The influence of key beamforming parameters—frequency and wave 
speed—is investigated through numerical simulations using a two- 
dimensional axisymmetric finite element model of a buried pipe sys
tem. This analysis aims to quantify their impact on DOA estimation and 
leak pinpointing. Noise effects are neglected in this initial study to 
isolate the intrinsic behaviour of the SCM and demonstrate its feasibility 
under controlled conditions.

3.1. Numerical simulation setup and procedures

Fig. 3 shows the finite element model of the buried pipe system used 
to evaluate beamforming performance under varying parameter con
figurations. The model was implemented in COMSOL Multiphysics v5.2 
and comprises three coupled domains: water, pipe, and homogeneous 
soil. The water domain was modelled as a lossless acoustic medium 
using the Pressure Acoustics module, while the pipe and soil were rep
resented as linear elastic solids using the Solid Mechanics module. 
Acoustic–structure interaction at the water–pipe interface was enforced 
via a coupled boundary condition. Perfectly matched layers (PMLs) were 
applied at the outer boundaries of the computational domain to suppress 
artificial reflections and approximate an unbounded soil medium.

The leak was represented as a monopole source positioned at the 
centre of the pipe, following previous work [10,45]. This source model 
should be regarded as an idealised benchmark excitation rather than a 
complete representation of turbulent leakage noise. A monopole source 
provides a simple and repeatable means of exciting the fluid–pipe–soil 
system while generating the dominant wave types associated with leak- 
induced vibration [45]. Although it does not reproduce the full sto
chastic characteristics of a real leak, it preserves the principal propa
gation mechanisms, wave speeds, and time-delay relationships that 
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underpin the beamforming and localisation process. It therefore pro
vides a controlled basis for evaluating the fundamental localisation 
behaviour of the SCM.

The resulting velocity wavefield, comprising compressional and 
shear body waves generated by the monopole source, was computed 
over a frequency range of 50–250 Hz (in increments of 10 Hz). This 
range encompasses the frequency range at which leak noise is typically 
dominant in plastic pipes, as reported in experimental studies [46]. The 
finite element model was discretised using a fine mesh of triangular 
elements, with the maximum element size set to less than one-sixth of 
the wavelength at the highest frequency considered.

The simulated wavefield was sampled at discrete points on an 81 ×
21 rectangular grid located at the ground surface 1 m above the pipe, 
with adjacent grid points spaced 0.25 m apart, as illustrated in Fig. 3(b). 
The surface response used for beamforming was obtained from the 
axisymmetric finite element model by mapping the rotationally sym
metric radial solution onto the Cartesian grid using the radial distance 
from the pipe axis. Each grid point was assigned the corresponding 
axisymmetric solution value via interpolation in the radial coordinate. 
The rectangular grid therefore represents a sampling mesh on the 
ground plane rather than a full three-dimensional finite element 
discretisation.

Geometric discontinuities such as bends, joints, and fittings were 
omitted to preserve the axisymmetric formulation and to isolate the 
fundamental propagation behaviour of the leak-induced field. This 

simplification is appropriate for establishing the baseline response of the 
proposed SCM but limits direct generalisation to complex pipe networks. 
The influence of wave scattering at structural discontinuities will be 
considered in future work using fully three-dimensional models and 
extended experimental validation. The material properties assigned to 
each domain (Table 1) correspond to those of the MDPE test rig used in 
the experimental validation presented in Section 4.

Beamforming was performed with a 3 × 3 square array with inter- 
sensor spacing d = 0.5 m. The square geometry was selected because 
it provides directional sensitivity in both horizontal dimensions while 
maintaining a compact aperture suitable for iterative repositioning. The 

Fig. 3. Schematic of the finite element model. (a) 3D view. (b) Top view. Red dots indicate the points at which the simulated wavefield is sampled.

Table 1 
Pipe and soil properties in the finite element model [31].

MDPE Pipe Soil

Length (m) 20 Infinite
Mean radius (mm) 84.5 −

Wall-thickness (mm) 11 −

Young modulus (GN/m2) 2 0.128
Shear modulus (MN/m2) − 27
Density (kg/m3) 900 1850
Poisson ratio 0.4 0.3
Loss factor 0.06 0.15
Pipe-borne wave speed (m/s) 375 −

Shear body wave speed (m/s) − 120
Longitudinal body wave speed (m/s) − 298
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3 × 3 configuration also represents the smallest planar arrangement 
capable of supporting the local beamforming procedure adopted in this 
work. Larger apertures, denser spatial sampling, or alternative array 
geometries could potentially improve angular resolution and robustness 
to spatial aliasing, but optimisation of the array design is outside the 
scope of the present proof-of-concept investigation. Because the 
measured signal contains both shear and compressional waves, the us
able frequency band is constrained by both spatial sampling of the two 
wave types and array aperture considerations. At the upper end, the 
maximum alias-free frequency is set by the shortest wavelength, corre
sponding to the shear wave. The half-wavelength criterion, d ≤ λmin/2, 
yields fmax = cs/(2d) = 120Hz for the shear-wave component, while the 
compressional-wave component remains alias-free up to fmax =

cp/(2d) ≈ 298 Hz. Thus, the shear-wave signal defines the most 
restrictive upper bound for alias-free beamforming. At the lower end, 
the finite array aperture limits directional resolution. Sufficient angular 
discrimination typically requires a phase variation of at least order π 
across the aperture, kD≳π. For the present array with D = 1 m, this 
corresponds to a practical lower frequency bound of fmin ≈ c/(2D). For 
shear waves (cs = 120 m/s), this gives fmin = 60 Hz, whereas for 
compressional waves (cp = 298 m/s) the lower bound is approximately 
150 Hz. Frequencies below these values yield broad, poorly defined DOA 
estimates. The current inter-sensor spacing of 0.5 m violates the spatial 
criterion d ≤ λmin/2, meaning that frequencies above 120 Hz for shear 
waves and above 298 Hz for compressional waves may exhibit spatial 
aliasing. Avoiding aliasing across the entire 50–250 Hz simulation band 
would require d < 0.24 m. Nevertheless, the inter-sensor spacing of 0.5 

m was retained to maintain consistency with the experimental config
uration and practical constraints imposed by the number and size of 
geophones available for the experimental validation. This choice accepts 
the risk of aliasing artefacts in favour of experimental reproducibility. 
Taken together, the most reliable single-frequency beamforming results 
are obtained in the shear-wave-dominated band of approximately 
60–120 Hz. The compressional-wave component remains usable mainly 
over the higher-frequency portion of the band, approximately 150–250 
Hz. However, aliasing and aperture limitations restrict the simultaneous 
exploitation of both wave types.

The beamforming results are presented in the following subsections. 
Although they are shown for selected grid points, the observed trends 
are representative across the entire grid.

3.2. Analysis of direction of arrival estimates

The SCM procedure (Section 2.4) was applied to extract the DOA 
information at grid points on the ground surface. Beamformer outputs 
were computed over a square grid centred on the 3 × 3 sensor array, 
using a frequency of 120 Hz (within the dominant band of the simulated 
leak noise and free from aliasing) and a beamformer wave speed of 120 
m/s. The selected depth interval (0–2 m) spans from the ground surface 
to 1 m below the pipe axis.

Fig. 4 presents the DOA vectors at interior grid points alongside 
representative two-dimensional beamformer maps. Each vector points 
from the array centre in the direction of maximum intensity. Vectors in 
regions remote from the leak or the pipe generally point towards the 
pipe, whereas those near the leak or aligned with the pipe axis point 

Fig. 4. Estimation of DOA at the ground surface: (a) DOA vectors at the grid points, defined as the direction from the array centre towards the maximum of the 
beamformer response; (b) representative two-dimensional beamforming maps at selected grid points: (i) (x, y) = (1.0, − 1.0) m; (ii) (x, y) = (4.5,0) m; (iii)(x, y) =
(8.0, − 1.0) m. The vectors indicate the inferred direction used to guide pinpointing, pointing towards the pipe in the POZ and towards the leak in the LOZ. 
Beamforming parameters: frequency = 110 Hz; wave speed = 120 m/s.
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towards the leak, in agreement with the theoretical predictions in 
Section 2.1. The DOA angle should not be interpreted as the primary 
result; the key consideration is whether the inferred direction guides the 
array towards the pipe in the POZ and towards the leak in the LOZ. In 
this sense, the method is successful when the back-projected vector re
mains consistent with the expected search path rather than when it 
matches a single theoretical incidence angle exactly. The results indicate 
that the seismic camera provides a physically consistent search direction 
across the ground surface. These results demonstrate that the seismic 
camera can reliably pinpoint the leak using ground measurements.

3.3. Effect of frequency on direction-of-arrival estimation

The influence of frequency on DOA estimation was examined at 
representative grid points located close to the leak, namely (x, y) =
(3, − 2) and (7,1) m. Fig. 5 shows the resulting single-frequency DOA 
estimates over the 50–200 Hz band. Here, the DOA is computed as the 
angle between the pipe axis and the direction from the array centre to 
the maximum of the beamformer response. At (3, − 2) m, the estimated 
DOA lies between the theoretical compressional-wave and shear-wave 
incidence angles over approximately 60–170 Hz when the shear-wave 
speed is used, and over approximately 60–200 Hz when the 
compressional-wave speed is used. For (7,1) m, the corresponding fre
quency intervals shift to approximately 100–170 Hz and 100–200 Hz, 
respectively. These results indicate that the beamformer returns a 
physically meaningful direction only over a limited frequency range in 
which the leak-generated wavefield is sufficiently coherent and the 
array aperture provides adequate angular resolution.

This behaviour is consistent with the mixed-mode nature of the 
simulated leak field. The monopole source generates both compressional 
and shear body waves, so the observed DOA reflects the dominant 
apparent propagation direction of the combined field rather than a 
single pure mode. At low frequencies, the wavelength is large relative to 

the 3 × 3 array aperture, yielding weak phase variation across the 
sensors and poor directional discrimination. At higher frequencies, the 
shear-wave component becomes increasingly vulnerable to spatial ali
asing because of the 0.5 m inter-sensor spacing, which promotes grating 
lobes and destabilises the single-frequency estimate. The intermediate 
band therefore represents the best compromise between aperture- 
limited resolution and aliasing, which explains why the DOA remains 
bounded by the compressional and shear incidence angles over that 
interval.

The broadband, frequency-summed estimate provides a more stable 
summary of this behaviour. By combining the beamforming output 
across the selected frequency band, incoherent artefacts are suppressed 
and the dominant leak-related direction is recovered more robustly than 
from any individual frequency bin. As shown in Fig. 5, the summed DOA 
remains within the angular sector bounded by the compressional- and 
shear-wave incidence angles and points back towards the pipe. This is 
consistent with the beamformer map at 200 Hz in Fig. 6(a), where 
grating lobes obscure the true source direction at a single aliased fre
quency, whereas frequency summing mitigates these artefacts and yields 
a more reliable estimate. Frequency summing does not completely 
eliminate spatial aliasing. Frequency bins above the alias-free limit may 
still contribute grating-lobe energy; however, their influence is attenu
ated when combined with lower-frequency components where the 
spatial sampling is more favourable.

Fig. 6 shows the effect of frequency summing and depth averaging on 
the simulated beamformer map. At 200 Hz, the single-frequency 
response is strongly distorted by grating lobes (Fig. 6(a)), whereas 
summing over 50–200 Hz substantially suppresses these artefacts and 
yields a clearer pinpointing peak (Fig. 6(b)). In the homogeneous soil 
model, depth averaging alone has only a negligible effect on the 
beamformer response (Fig. 6(c)). Consequently, the combined 
frequency-summed and depth-averaged map (Fig. 6(d)) is only 
marginally different from the frequency-summed map alone. These 

Fig. 5. Frequency dependence of DOA estimation at (x, y) = (3, − 2) m and (x, y) = (7,1) m. Also shown are the P-wave and S-wave incidence angles, and the 
frequency-summed DOA over the analysed band.
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simulation results indicate that frequency summing is the primary 
mechanism for reducing aliasing artefacts, whereas depth averaging 
provides little additional benefit in this case.

3.4. Effect of wave speed on direction-of-arrival estimation

Fig. 7 shows the frequency-summed DOA estimates along y = 1 m 
obtained using assumed wave speeds of 120, 298, and 500 m/s. The 
estimated DOA varies with the assumed wave speed, but the inferred 

Fig. 6. Effect of frequency summing and depth averaging on the beamformer map at (x, y) = (5, − 0.5) m: (a) single-frequency map at 200 Hz and depth 1.5 m; (b) 
frequency-summed map over 50–200 Hz at depth 1.5 m; (c) single-frequency map at 200 Hz averaged over depths 0–2 m; (d) frequency-summed map over 50–200 Hz 
and averaged over depths 0–2 m. A wave speed of 120 m/s was used in all cases.

Fig. 7. Effect of assumed wave speed on DOA estimates along y = 1 m. Results are shown for assumed wave speeds of 120, 298, and 500 m/s and frequency summing 
is applied. The reference lines indicate the S- and P-wave incidence angles in the simulated response.

P.H.M.C. Matos et al.                                                                                                                                                                                                                          Applied Acoustics 254 (2026) 111486 

10 



direction remains consistent with the expected path. Near xp→0 m, the 
DOA approaches 90◦, consistent with leak pinpointing; farther from the 
leak, the response shifts into the pipe-oriented regime. In the present 
geometry, DOA values above about 70◦ are conservatively regarded as 
leak-oriented, values below about 60◦ as pipe-oriented, and intermedi
ate values as transitional. The 120 m/s case is smoother over most of the 
pipe-oriented region, whereas the 298 and 500 m/s cases are more 
variable, indicating greater sensitivity to wave speed. The results indi
cate that the SCM is robust to uncertainty in the assumed wave speed in a 
limited and well-defined sense. Although changing the assumed speed 
alters the numerical DOA values and may increase variability, especially 
away from the leak, the inferred directions remain sufficiently consistent 
to support iterative leak pinpointing. This reduces the need for accurate 
site-specific wave-speed calibration, which is often impractical in some 
field applications.

4. Experimental validation

The beamforming technique and the SCM were validated experi
mentally using data acquired at a pipe-leak test rig located in Blithfield, 
United Kingdom [31]. The rig consists of a buried, pressurised MDPE 
water pipe with an outer diameter of 169 mm and a wall thickness of 11 
mm, connected to a vertical standpipe. Leak noise was simulated using a 
control valve on the standpipe. The resulting pipe motion was monitored 
using a reference accelerometer (Brüel & Kjær Type 4383) permanently 
mounted on the pipe surface.

The experimental surface response was acquired using seven I/O SM- 
24 geophones with 0.5 m spacing, which were deployed sequentially to 
populate the 32 × 7 measurement grid shown in Fig. 8. Due to the 
limited number of available sensors, a full-area simultaneous 

measurement was not feasible. Nevertheless, since leak-induced vibra
tions exhibit stationary behaviour under constant operating conditions 
[47], the surface vibration field was reconstructed through repeated 
spatial sampling by repositioning the sensor line across successive 
measurement rows. Each row was recorded at a sampling rate of 1 kHz 
over a duration of 120 s. To ensure phase consistency across all acqui
sitions, the pipe-mounted accelerometer was used as a common phase 
reference. For each grid location, frequency–response functions were 
estimated relative to the reference signal using the H1 estimator based 
on Welch-averaged auto- and cross-spectra [48], with a 1024-sample 
Hanning window and 50% overlap. The resulting transfer functions 
were then assembled to reconstruct the cross-spectral matrices required 
for beamforming. This formulation provides a consistent phase-aligned 
representation of the spatially sampled wavefield across all measure
ment rows, despite sequential data acquisition.

The seven geophones are not used as a fixed array for DOA estima
tion. Instead, they serve as a spatial sampling instrument for recon
structing the ground vibration field over a two-dimensional grid. 
Directional estimates exploited by the SCM are derived from locally 
defined beamforming arrays applied at each grid location. Specifically, a 
3 × 3 neighbourhood centred at that point is considered, and the cor
responding nine measurement locations are used to construct a local 
cross-spectral matrix. Beamforming is then applied to this locally 
defined cross-spectral matrix to obtain a directional estimate associated 
with that grid point. The result is a spatially distributed field of direc
tional estimates obtained from a sliding-aperture formulation over the 
measured domain.

Fig. 9 presents the magnitude-squared coherence between the 
reference leak signal and the geophone signals measured at different 
grid points. Coherence was estimated using Welch’s method with a 
1024-point Hann window and 50% overlap, corresponding to a fre
quency resolution of approximately 1 Hz. Strong coherence is observed 
in the approximate 50–200 Hz range near the leak, while coherence 
decreases at higher frequencies (above 120 Hz) and with increasing 
distance from the source. This indicates that the leak-induced energy is 
primarily concentrated within this band. For beamforming, the usable 
frequency range is further constrained by spatial sampling limitations 
associated with the 0.5 m sensor spacing, as discussed in Section 3.1. In 
particular, frequencies above approximately 120 Hz may exhibit spatial 
aliasing; nevertheless, the full coherent band (50–200 Hz) is retained to 
evaluate the effect of frequency summing. The selected frequency range 
therefore reflects a deliberate trade-off between signal coherence and 
spatial sampling constraints, rather than a strictly alias-free regime.

The same SCM procedure used in the numerical study was then 
applied to the experimental data, with Fig. 10 showing the resulting 
spatially distributed directional estimates obtained from beamformer 
evaluations applied to the scanned measurement grid using the sliding 
3 × 3 aperture formulation. As already mentioned, these estimates 
should be interpreted as locally resolved planar direction indicators 
derived from a spatially sampled measurement field, rather than as DOA 
estimates obtained from a single fixed array snapshot. Directional esti
mates obtained from single-frequency beamformer maps at 110 Hz are 
compared with those obtained from frequency-summed beamforming 
over the usable frequency band, using an assumed propagation speed of 
120 m/s. The single-frequency results near the aliasing limit exhibit 
increased variability and occasional directional inconsistencies, whereas 
frequency summing yields a more stable and spatially coherent direc
tional field. Overall, the experimental results exhibit greater scatter than 
the numerical simulations, consistent with unmodelled effects such as 
measurement noise, soil heterogeneity, and limited spatial sampling 
resolution. Nevertheless, the dominant directional trends are preserved. 
In the pipe-oriented region, the vectors generally point towards the pipe, 
while near the leak or directly above the pipe, they converge towards the 
leak location, in agreement with the numerical results. A small number 
of local deviations persist in the frequency-summed case; however, these 
do not disrupt the overall directional consistency or the progression of 

Fig. 8. Experimental test rig for measuring leak-induced pipe and ground vi
brations, showing (a) ground surface instrumentation, including the geophones, 
the pipe-mounted reference accelerometer, and the leak-generation mechanism; 
and (b) the plan view of the geophone measurement grid (
adapted from [31,49]).
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the iterative SCM search towards the leak (see Fig. 14 below).
Figs. 11 and 12 illustrate the effect of frequency summing and depth 

averaging on the experimental beamformer maps. As in the numerical 

study, frequency summing provides the primary improvement by sup
pressing grating-lobe artefacts and sharpening the localisation peak. 
Depth averaging provides a secondary refinement, with only modest 

Fig. 9. Representative magnitude-squared coherence between the reference leak signal at (x, y) = (0,0) m and selected geophone signals. Coherence was estimated 
using Welch’s method with a 1024-point Hann window and 50% overlap.

Fig. 10. Spatially distributed planar localisation vectors obtained using a sliding 3 × 3 aperture over the scanned measurement grid: (a) single-frequency beam
former evaluation at 110 Hz; (b) frequency-summed beamformer evaluation over the usable band. Beamforming assumes a wave speed of 120 m/s. Red vectors 
indicate locally inconsistent directional estimates relative to the dominant convergence trend towards the leak.
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additional sharpening in selected cases. Overall behaviour is consistent 
with the simulations.

Fig. 13 examines the influence of assumed wave speed on frequency- 
summed directional estimates along yp = 1 m. The experimental esti
mates exhibit greater scatter than the numerical results; however, all 
three wave-speed cases show broadly consistent directional trends. 
Across most of the pipe-oriented region, the estimated DOA remains 
bounded between the P-wave and S-wave incidence angles, indicating 
mixed-mode propagation behaviour.

Differences in near-field DOA behaviour between simulation and 
experiment arise from spatial sampling differences. In the simulation, 
the grid includes the leak location (x, y) = (0, 0), so as x→0 (with y = 1 
m), the DOA approaches 90◦ due to alignment with the vertical. In the 
experiment, the grid excludes x = 0 and begins at x = 1 m, so the DOA 
retains a finite horizontal component and remains below 90◦ . This dif
ference reflects measurement geometry and grid discretisation rather 
than beamforming inconsistency.

The results indicate that while the DOA values are sensitive to the 
assumed wave speed, the relative ordering of directions and their 
confinement within the expected wave-mode bounds are preserved over 
most of the domain. The estimated DOA depends on the assumed wave 
speed, but the directional trend remains consistent, distinguishing be
tween the pipe-oriented and leak-oriented regions.

Finally, the leak-pinpointing capability of the SCM was assessed by 
replaying the iterative update rule on the pre-acquired measurement 
grid. Fig. 14 shows the resulting trajectories obtained from multiple 
starting positions, corresponding to an offline emulation of the SCM 
iteration using the spatially reconstructed directional field rather than a 
real-time field deployment in which the physical array is repositioned 
after each beamforming update. The step size, constrained by the spatial 
sampling of the measurement grid, is set to 0.5 m in the present 
implementation. This ensures consistency between the search update 

and the available measurement resolution. With this constraint, smaller 
steps would not yield additional spatial information beyond the grid 
resolution, while larger steps would increase the risk of overshooting the 
locally inferred direction and producing oscillatory trajectories. 
Accordingly, the chosen step size is determined by the discretised 
measurement domain rather than being treated as an optimised 
continuous parameter.

The trajectories represent movement over the measurement grid 
driven by locally estimated directions obtained from the sliding- 
aperture beamforming procedure. In all cases, the trajectories 
converge to the grid point nearest the leak, (x, y) = (1, 0) m, within 9–35 
iterations. Because the leak location does not coincide with a measure
ment node, the final position is limited by grid resolution rather than 
beamforming accuracy. Consequently, all trajectories terminate at the 
same nearest accessible grid point, corresponding to a Euclidean local
isation error of 1 m relative to the true leak position. The observed offset 
from the true leak position reflects a measurement-domain constraint 
rather than a limitation of the SCM itself. The identical terminal error for 
all trajectories indicates repeatable convergence of the SCM from the 
tested starting positions.

Overall, the experimental results broadly corroborate the numerical 
findings, with frequency summing providing the main improvement and 
depth averaging offering secondary refinement.

5. Discussion of results

The results indicate that the proposed SCM operates fundamentally 
as a direction-guided search strategy for leak pinpointing. Rather than 
relying on precise, point-wise directional estimates, the method exploits 
the persistence of dominant directional trends within the leak-induced 
wavefield. Across both the numerical and experimental studies, the 
estimated directions evolve from alignment towards the pipe in the pipe- 
oriented region to convergence near the leak itself. Successful leak 
pinpointing therefore depends on the preservation of this directional 
structure, which remains robust even under wave-speed mismatch.

The performance of the SCM is governed by the interplay between 
spatial sampling and frequency selection. Reliable directional estimates 
are obtained only when the analysed frequencies provide sufficient 
directional resolution without introducing excessive aliasing. Outside 
this range, performance deteriorates because of poor angular discrimi
nation at low frequencies and grating-lobe artefacts at high frequencies. 
Consequently, successful application of the SCM depends on selecting a 
frequency band that is appropriate for the array geometry, as discussed 
in Section 2.3. Frequency summing plays a critical role in improving 
robustness by reinforcing directional features that persist across fre
quency bins while suppressing frequency-dependent inconsistencies and 
artefacts. By contrast, depth averaging provides only a modest addi
tional refinement by suppressing spurious depth-related maxima within 
the three-dimensional beamformer map.

Several simplifying assumptions were adopted to isolate the core 
localisation mechanism, including a homogeneous soil medium, a single 
leak source, and an idealised pipe geometry without structural discon
tinuities. These assumptions provide a controlled baseline for evaluating 
the SCM, but do not capture the full complexity of operational pipe 
networks, as the present study is intended as a proof of concept. 
Nevertheless, both numerical and experimental results exhibit consis
tent localisation behaviour, indicating that the directional-search 
mechanism remains effective under realistic conditions. Although 
experimental measurements are affected by noise, soil variability, and 
finite spatial sampling, the dominant directional structure of the leak- 
induced field is sufficiently preserved to guide the iterative search to
wards the leak. The observed robustness under moderate wave-speed 
mismatch further suggests that exact site-specific calibration is not 
strictly required for effective operation. To delineate the applicability 
limits under more complex field conditions, future work should inves
tigate layered or heterogeneous soils, multiple simultaneous leaks, more 

Fig. 11. Effect of frequency summing and depth averaging on the experimental 
beamformer map: (a) single-frequency maps at 110 Hz at different locations; (b) 
corresponding frequency-summed maps over the usable band and averaged 
over depths 0–2 m. A wave speed of 120 m/s was used in all cases.
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Fig. 12. Effect of frequency summing and depth averaging on the beamformer map at (x, y) = (5, − 0.5) m: (a) single-frequency map at 110 Hz and depth 1.5 m; (b) 
frequency-summed map over 50–200 Hz at depth 1.5 m; (c) single-frequency map at 110 Hz averaged over depths 0–2 m; (d) frequency-summed map over 50–200 Hz 
and averaged over depths 0–2 m. A wave speed of 120 m/s was used in all cases.

Fig. 13. Effect of assumed wave speed on experimental directional estimates along y = 1 m, shown for 120, 298, and 500 m/s with frequency summing.
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realistic leakage excitation mechanisms, and wave scattering from 
structural discontinuities, which are also challenges encountered by 
other vibro-acoustic leak-detection techniques.

From a practical perspective, the SCM differs from conventional leak 
pinpointing methods in its measurement strategy and deployment 
paradigm. Acoustic correlation estimates leak position from time-delay 
information between sensors installed at known pipe locations and 
typically requires multiple access points. Its performance can degrade in 
plastic distribution networks due to strong attenuation of high- 
frequency components, and in cases where the distance between 
accessible points exceeds the effective propagation range of leak- 
induced signals. By contrast, the SCM relies on ground-surface vibra
tion measurements and allows the sensing array to be repositioned 
dynamically along the suspected asset corridor, thereby bypassing the 
constraints imposed by sparse pipe access infrastructure. In addition, 
whereas conventional acoustic listening surveys rely on a single sensor 
and local signal amplitude, the SCM exploits spatial phase information 
across a geophone array through beamforming. This phase-based 
approach offers superior robustness as noted by Muggleton et al. [50]
in the context of leak detection via phase unwrapping.

Overall, the results indicate that leak localisation can be effectively 
formulated as an iterative directional-search problem governed by the 
spatial coherence of the leak-induced wavefield. Within this framework, 
the combination of local beamforming and iterative array repositioning 
provides a consistent mechanism for progressively refining the esti
mated leak direction using surface vibration measurements. The present 
study therefore establishes the feasibility of this approach and clarifies 
the key factors that influence its performance.

6. Conclusions

This study presented the seismic camera method (SCM) as a novel, 
non-invasive framework for pinpointing leaks in buried pipes using 
surface vibration measurements. The method integrates frequency- 
domain beamforming, depth projection, and iterative array reposition
ing to pinpoint leaks without direct pipe access. The SCM operates by 
exploiting the directional structure of the leak-induced wavefield to 
guide an iterative search towards the leak location. The experimental 
results reproduce the key directional and localisation behaviours pre
dicted by the simplified numerical model, indicating that the underlying 
SCM mechanism persists beyond the idealised simulation assumptions. 
Performance is enhanced by frequency summing, which improves the 
stability and consistency of the estimated directions, while depth aver
aging provides a smaller secondary refinement. Across both simulation 
and experiment, successful pinpointing is governed primarily by the 
preservation of dominant directional trends in the wavefield rather than 
by precise point-wise direction estimates. The method further exhibits 
robustness to moderate wave-speed mismatch, indicating tolerance to 
uncertainty in propagation conditions. Overall, the findings confirm the 
feasibility of local beamforming combined with iterative repositioning 
as a leak-pinpointing strategy for buried pipelines, particularly where 

direct pipe access is restricted. Future work will consider more realistic 
conditions, including heterogeneous soils, multiple leaks, structural 
discontinuities, and more complex leakage sources, alongside im
provements in array design, adaptive processing, and depth estimation 
to enhance practical performance.
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