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Abstract
This paper describes a model-based technique to determine the bulk and shear modulus of the soil from
measured leak noise data, assuming that the pipe properties are known. Two water pipe systems which have
different soil properties are considered: one is in the UK and the other one is in Brazil. The UK pipe system
has sandy soil, where both compressional and shear wave propagate away from the pipe. The Brazilian
pipe system has clay-like soil and only shear wave propagates away from the pipe. The results, based on
optimising the soil properties to give a best fit for the leak noise speed and its attenuation, give soil properties
that fall within the expected range for the different locations. These results are helpful in determining the
fundamental limitations of acoustic correlators in various situations.

1 Introduction

Detection and location of leaks in buried pipelines are topics of great concern for water companies due to
the wastage of drinking water in their distribution systems. Approximately 40% up to 50% of water is lost
globally in developing countries mostly due to water leakage [1, 2], which in some extreme cases it may
exceed 70% of the potable water supply resulting in social, economic and environmental effects.

If a leak occurs, the noise it generates will propagate along the pipe in the form of an acoustic wave, which
is the axisymmetric (n = 0) fluid-borne wave (s = 1) [3]. The physical behaviour of this wave has been
studied extensively because of its role in the detection of leaks in buried fluid-filled water distribution pipes.
This fluid-dominated wave is strongly coupled to the pipe-wall, meaning that most of the energy is dissipated
along the pipe-wall as well as into the surrounding soil where the pipe is buried.

A pipeline has many joints, and monitoring its integrity is crucial. Among several strategies and technologies
for finding leaks, the acoustic correlation technique has been widely used to provide an accurate estimate of
the position of a leak in order to reduce the wastage of water [4]. However, this technique depends on an
accurate estimate of the wave propagation speed along the pipe, which is heavily dependent on the type of
soil in which the pipe is buried. The soil also affects drastically the distance that leak noise will propagate
along the pipe [3, 5, 6, 7, 8].

Muggleton et al. [3] validated experimentally the analytical model of the fluid-borne wave (s = 1) by taking
into account the presence of soil. In this work, the soil was treated as a fluid supporting two different waves,
each of which exerted normal dynamic pressure on the pipe wall. Although the shear coupling of the pipe
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to the surrounding soil was not properly accounted for, the theoretical results and measurements for wave
speed showed good agreement at low frequencies. At higher frequencies, however, the results matched the
in-air case better than the buried pipe predictions due to possible uncertainties in the soil properties or even
effects of the ground surface (which was not considered in the theoretical modelling). In summary, the
soil was not modelled effectively, since it was treated as a fluid supporting elastic waves. These properties
were considered in subsequent work by Muggleton and Yan [5]. However, the authors derived analytical
expressions for the s = 1 wave through an incomplete model (pipe-soil interface under slip contact) in
which the soil is connected to the pipe in the radial direction, but not connected in the axial direction. In
effect, there is a lubricated contact between the pipe and the surrounding soil in such formulation. Later,
Gao et al. [6] proposed a more complete model (pipe-soil interface under no-slip contact) in which the pipe
connected to the soil both radially and axially. The authors carried out their investigation by an analytical
method in which the effect of the soil loading on the pipe response is characterized by the soil loading matrix.
Two years later, Brennan et al. [8] reformulated the model proposed by Muggleton and Yan [5] in which
the analytical model is formulated in terms of dynamic stiffness of the fluid, pipe and soil. The investigation
involved analytical modelling, numerical modelling, and experimental work on two very different test rigs,
one in the UK and one in Brazil. The authors demonstrated that the dynamic stiffness approach facilitates
physical insight into the effects of soil parameters on the leak noise propagation.

However, the works discussed hitherto did not propose a methodology for the choice of the soil parameters
necessary in the prediction of wavenumber, wave attenuation and wave speed. Motivated by this, the present
paper has two clear aims:

• To provide a methodology for the selection of soil parameters based on an optimization procedure by
minimizing a cost function that calculates the difference between the measured wavenumber with the
one predicted by an analytical model, either under slip contact or no-slip contact.

• To propose an alternative model for the s = 1 wave, based on the analytical expressions proposed
by Gao et al. [6], but written in terms of dynamic stiffness in order to aid a physical insight into the
features extracted from the model.

The paper is organized as follows. Section 2 presents two analytical models for wavenumber prediction. It
is first assumed that the pipe-soil interface is under compact contact. Second, it is assumed that there is a
lubricated contact, in which there is no axial connection between the pipe and the soil. Section 3 presents
the optimization algorithm adopted. Following this, the models are validated in two different experimental
test rigs in section 4. Finally, some conclusions are given in section 5.

2 Analytical models for wavenumber prediction

This section presents two analytical models for the prediction of axisymmetric waves in buried fluid-filled
plastic pipe under different coupling conditions. At low frequencies, below the pipe ring frequency, the
axisymmetric (n = 0) fluid-dominated (s = 1) wavenumber in a fluid-filled pipe surrounded by an elastic
medium given by the no-slip coupling, where the pipe-soil interface is assumed to be under compact contact,
and the slip coupling, where the pipe-soil interface is assumed to be under lubricated contact, were inves-
tigated recently by Muggleton and Yan [5]; Gao et al. [6, 7]. In order to aid physical insight, they can be
rewritten in terms of dynamic stiffnesses as follows

k = kwater

(
1 +

Kwater

Kpipe +Ksoil

) 1
2

(1)

where kwater = ω(ρwater/Bwater)
1
2 is the free-field wavenumber of water, which is a function of the density

ρwater the corresponding bulk modulus Bwater and the angular frequency ω. The term Kwater = 2Bwater/a
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is the stiffness of the water and

Kpipe =
K

(stiff)
pipe

(1− ν2
p)

+K
(inertia)
pipe =

E∗ph

a2(1− ν2
p)
− ω2ρph (2)

is the stiffness of the pipe-wall where a is the mean radius, h is the thickness, ρp, E∗p = Ep(1 + jηp) and νp
are the density, Young’s modulus and Poisson’s ratio of the pipe, respectively. The term ηp is the loss factor
of the pipe.

The term K
(stiff)
pipe denotes the stiffness component of pipe-wall and K

(inertia)
pipe corresponds to the inertial

component. Additionally, the term Ksoil in Eq. (1) denotes the stiffness of the surrounding soil. Note that
the soil properties affect drastically the propagation characteristics of the fluid-borne s = 1 wave travelling
on the pipe since part of its energy propagates into the soil. Thus, two different boundary conditions at the
pipe-soil interface are considered: one that assumes the pipe-soil interaction under lubricated contact (slip
coupling) where there is no frictional stress applied on the axial direction, and the other one that assumes
the pipe-soil interaction under compact contact (no-slip coupling) with propagation on both axial and radial
directions.

The soil dynamic stiffness for the slip coupling condition can be written as a combination of three compo-
nents, so the term Ksoil in Eq. (1) becomes [8]

Kslip
soil = K1 +K2 +K3 (3)

in which

K1 =

(
B∗s −

2G∗s
3

)
k2
d

krd

(
1− 2

k2

k2
r

)
H0 (k

r
da)

H ′0
(
krda
) (4)

K2 = −2G∗skrd
(
1− 2

k2

k2
r

)
H ′1 (k

r
da)

H1

(
krda
) (5)

K3 = −4G∗skrr
k2

k2
r

H ′1 (k
r
ra)

H1 (krra)
(6)

For the no-slip coupling condition, the soil dynamic stiffness term Ksoil in Eq. (1) becomes

Knoslip
soil =

µs
a
Ka +

E∗ph

a2(1− ν2
p)
Kb (7)

where
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krrak
2
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Moreover, the soil radial wavenumbers krd and krr , are given by krd =
√
k2
d − k2 and krr =

√
k2
r − k2 where

kd and kr are the compressional and shear wavenumbers in the surrounding soil, respectively, given by
k2
d = ω2ρs/(λs + 2µs) and k2

r = ω2ρs/µs in which ρs is the soil density and λs = B∗s − 2
3G
∗
s, µs = G∗s are

the Lamé coefficients, which are function of bulk modulus B∗s = Bs(1 + jηsoil) and shear modulus G∗s =
Gs(1 + jηsoil) of the soil. The terms H0, H1 are the Hankel functions of zero, first order and second kind,
respectively, that describe the outgoing waves in the surrounding soil, and ′ denotes the spatial derivative.

The attenuation of the fluid-borne wave in terms of dB/m is given by [3]

Attenuation =
−20Im{k}
ln(10)

(12)

For a fluid-filled pipe in-air there is no surrounding soil present in the model, so thatKsoil = 0. Furthermore,
note that in several practical situations involving buried pipes, the soil properties are usually unknown. Thus,
an alternative method to identify soil parameters through an optimization algorithm is presented in section 3.

3 Identification of soil parameters based on optimization algorithm

This section presents a constrained optimization problem adopted to determine locally optimal solutions for
to the soil properties from measured vibration data. The pipe geometry is assumed to be known, thus the
optimization algorithm is used to identify a set of optimal parameters related to bulk modulus B̂s and shear
modulus Ĝs of the soil by minimizing a cost function that calculates the difference between the measured
wavenumber with the one predicted by an analytical model, either under slip contact or no-slip contact as
presented in section 2. This iterative procedure ends when the cost function reaches the stopping criteria,
searching for the best solution from all feasible solutions subject to constraints on its variables in a certain
local minimum.

The best value (also called local minimum) for the vector θ =
[
B̂s Ĝs

]
, can be found by solving the fol-

lowing optimization problem where the cost function is based on the normalized mean square error (NMSE)
metric:

minimize
θ∈R

F (θ) =

∥∥Re
{
kHxy (ω)

}
− Re {k (θ, ω)}

∥∥
∥∥Re

{
kHxy (ω)

}∥∥ (13)

subject to the bound constraints θlow ≤ θ ≤ θup where θlow and θup denote the lower and upper bounds,
respectively. The term kHxy (ω) is the experimental wavenumber estimated through spectral estimator. It
involves the ratio between the auto and cross-power spectrum density of two signals x and y measured
through sensors connected at two access points [4]:

Hxy(ω) =
Sxy(ω)

Sxx(ω)
(14)

The real part of experimental wavenumber is computed based on the phase of the frequency response function
in Eq. (14) divided by the distance d between the sensors

Re{kHxy(ω)} =
−φHxy(ω)

d
(15)

The attenuation is given by [8]

Attenuation =
−20log10 (|Hxy(ω)|)

d
(16)
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The term Re{k (θ, ω)} in Eq. (13) denotes the wavenumber predicted by the analytical model from Eq.
(1) with the vector θ that contains the corresponding optimal values for bulk and shear moduli of the soil.
The symbol ‖‖ denotes the Euclidean norm. This paper adopts the pattern search algorithm that was first
introduced by Hooke and Jeeves [9]. This algorithm has a simple strategy for searching a current point in a
predetermined direction for an enhanced cost function value. The pattern search algorithm is used to solve
the optimization problem that starts with an initial guess θ(0) and ends up when the stop criterion is met after
n iterations, so that F

(
θ(n)

)
< ε. The whole procedure is then summarized into 4 steps as showed in Fig. 1.

Figure 1: Computational flowchart for the identification of optimal soil parameters.

4 Results and discussion

Two experimental pipe systems, one in Brazil and the other one in UK, are considered to validate the method
proposed in section 3. The systems have very different types of soil and geometry as showed in Tab. 1.

Table 1: Properties of the Brazilian and UK pipe systems.

Properties UK Brazil
Pipe Young’s modulus Ep [N/m2] 2× 109 2× 109

Pipe density ρp, ρs [kg/m3] 900, 2000 900, 2000
Pipe loss factor ηp 0.06 0.06
Pipe radius [mm] 84.5 35.8

Pipe-wall thickness [mm] 11 3.4
Type of soil Sandy Clay

A schematic of both test rigs are shown in Fig. 2. The UK system consists of a 34 metres long test rig and
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the static pressure is due to the 1.5 m head of water in the termination tanks. In this case, the fluid-dominated
wave s = 1 was excited by an underwater loudspeaker using a stepped sine signal increasing frequency
from 30 Hz to 1 kHz (1 Hz increment) and the dynamic pressure was measured using two hydrophones 2
metres apart. More details about the measurements done in UK can be found in Muggleton et al. [3]. The
geometry of Brazilian pipe system, described in more detail in Brennan et al. [8], is much smaller than UK
pipe system, which was pressurised with a centrifugal pump (3.4 bar). In this experimental test rig, the s = 1
wave was excited by opening a valve and the signals related to this leak noise wave were measured by using
two accelerometers at two access points 7 metres apart.

Figure 2: Experimental setup of the pipe systems adopted: UK pipe system on the left [3] and Brazilian pipe
system on the right.

Before moving to the optimization procedure, illustrated in Fig. 1, an analysis of the surface plots based on
the objective functions from Eq. (13) involving the wavenumber, wave attenuation and corresponding wave
speed is carried out. Figure 3 shows the surfaces of objective functions for UK pipe system. It is possible to
see that both bulk and shear modulus have an effect on the wavenumber, wave attenuation and wavespeed of
the fluid-dominated (s = 1) wave generated by the leak. According to the surfaces, locally optimal solutions
for values for bulk and shear modulus are within the range from 1× 107 [N/m2] to 6× 107 [N/m2] for both
parameters.

In figure 4 it is possible to see that the bulk modulus has a marginal effect on the wavenumber for Brazilian
pipe system, and the local minimum value for shear modulus, that has dominant contribution, is expected
to be located within the range from 2 × 108 [N/m2] to 3 × 108 [N/m2]. This effect can also be seen in the
surface plot of wave speed values in Fig. 5.

To solve the optimization problem in Eq. (13), the values of corresponding upper and lower bounds were
chosen based on the soil where each pipe is buried. The UK pipe system is characterized by sandy soil, so
that θlow =

[
1× 107 1× 107

]
and θup =

[
5× 107 6× 107

]
. On the other hand, Brazilian pipe system is

characterized by clay-like soil, thus the corresponding values of bulk modulus and shear modulus are higher
than sandy soil as θlow =

[
1× 109 1× 108

]
and θup =

[
5× 109 6× 108

]
. The starting point was chosen

as the average of upper and lower bounds, with tolerances for objective function, step and optimality as factor
of 1× 10−10. The value for both bulk and shear loss factor was used as ηsoil = 0.15.

Tables 2 and 3 show the best values for soil parameters identified by optimization algorithm using model A
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Figure 3: Behavior of the objective functions (i) Wavenumber and (ii) Wave attenuation calculated based on
different values of bulk and shear moduli for the UK test rig that is characterized by sandy soil.

Figure 4: Behavior of the objective functions (i) Wavenumber and (ii) Wave attenuation calculated based on
different values of bulk and shear moduli for the Brazilian test rig that is characterized by clay soil.

under slip contact and model B no-slip contact between the pipe-soil interaction. These values were then
used to predict the wavenumber, wave attenuation and wave speeds, shown in Figs. 6, 7 and 8, where it is
possible to see good agreement between the results.

Table 2: Best values for sandy soil properties identified through pattern search algorithm (UK system).

Optimization Parameters Model A (Slip) Model B (No-slip)
Bulk modulus B̂s [N/m2] 4.0032× 107 4.0000× 107

Shear modulus Ĝs [N/m2] 1.5665× 107 1.4903× 107

Examination of Fig. 6 shows an agreement between the experimental wavenumber, from Eq. (15), with the
ones predicted by model A and B, that assumes the pipe-soil interface under lubricated and compact contact,
respectively. The real part of wavenumber reaches 10 m−1 at 600 Hz in the UK pipe system and is around 7
m−1 for the Brazilian system.
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Figure 5: Behavior of the objective functions for the wavespeed of two different test rigs: (i) UK pipe system
and (ii) Brazilian pipe system.

Table 3: Best values for clay soil properties identified through pattern search algorithm (BR system).

Optimization Parameters Model A (Slip) Model B (No-slip)
Bulk modulus B̂s [N/m2] 1.9400× 109 4.0000× 109

Shear modulus Ĝs [N/m2] 0.2478× 109 0.2359× 109

Although the real part of wavenumbers predicted present similar behavior in both pipe systems, some differ-
ences are found in the attenuation and wave speed, as can be seen in Figs. 7 and 8.

Figure 6: Measured wavenumber compared with the one predicted by model A (pipe-wall and soil with slip
contact) and by model B (pipe-wall and soil with no-slip contact) for two different test rigs: (i) UK system
with sandy soil and (ii) Brazilian system with clay-like soil.

The wave attenuation for the Brazilian pipe system and the UK system is shown in Fig. 7. It can be seen that
for a typical Brazilian water pipe system, which is characterized by a clay-like soil, the coupling pipe-soil
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in the radial direction has a much greater effect than coupling in the axial direction. Furthermore, it has a
predominant effect on the wave motion in the pipe, mainly through the radial coupling. On the other hands,
the axial coupling has a greater effect in the UK pipe system. Thus, the model B with non slip coupling
is a better representation for such type of system. The wave attenuation is mostly due to material losses
within the pipe wall plus radiation losses in the soil. Based on Fig. 7, it is possible to see that at 600 Hz, the
attenuation is around 18 dB/m for UK system, whereas for the Brazilian system is around 6 dB/m.

Figure 7: Measured wave attenuation compared with the one predicted by model A (pipe-wall and soil under
slip contact) and by model B (pipe-wall and soil under no-slip contact) for two different test rigs: (i) UK
system with sandy soil and (ii) Brazilian system with clay-like soil.

Figure 8: Measured wave speed compared with the one predicted by model A (pipe-wall and soil under slip
contact) and by model B (pipe-wall and soil under no-slip contact) for two different test rigs: (i) UK system
with sandy soil and (ii) Brazilian system with clay-like soil.
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Figure 8 shows the predicted wave speeds, which are about 375 m/s for the UK pipe system and 540 m/s
for Brazilian pipe system. The shear stiffness of the soil has a greater contribution and effect on the wave
speed in the pipe compared to the bulk stiffness of the soil and is the main reason why the wave speed in the
Brazilian system is much higher than in the UK pipe which is buried in sandy soil.

5 Final remarks

This paper has presented a methodology for the identification of soil parameters from measured vibration
data. Together with a model, they have been used to give a better understanding into how the fluid-pipe-
soil interface affects the propagations characteristics of the fluid-borne (s = 1) wave in two experimental
test rigs with different geometry and soil properties. For a typical pipe and soil properties found in parts of
Brazil, it has been found that coupling between the pipe and the soil in the radial direction has a much greater
effect on the speed of leak noise propagation in the pipe, than coupling in the axial direction. In terms of
the attenuation of leak noise in the pipe, it has been found that both radial and axial coupling pipe-soil have
some effect. For a typical pipe and soil found in UK, it has been shown that both compressional and shear
waves propagate away from the pipe adding to the damping effect in the pipe. Experimental results have
showed the applicability of the method for automatically estimate the soil parameters aiming an enhanced
leak noise detection in buried plastic pipes through acoustic techniques.
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