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1. INTRODUCTION

The phenomenon ofdisturbing low-frequency noise and \‘ibration, also called low-frequency hum,

has been known in the UK for at least two decades [1.2]. However. in many aspects the nature of
low-frequency hum still remains a mystery (see, e.g., "The Independent" of 22 June 1994).
Although a current number of complaints about low-frequency noise (around 500 a year)
represents just a small fi‘action of a total number of noise complaints. it is increasing at an

alarming rate. This is why further theoretical and experimental research into the l0\\'»frequency

hum is necessary, with emphasison fuller understanding its physical nature.

The latest practical research into this problem just has been carried out by the Building Research

Establishment (BRE) and the Sound Research Laboratories (SRL) on behalf of Department of the

Environment [2]. In particular, the results of their survey show that in a relatively small number of

cases “there was some evidence to suggest that a low level low frequency noise may occasionally
be present that could be related to the noise complained of‘. However, neither noise itself, nor its

sources have been identified. It is also mentioned in [2] that “if noise measurement had been

possible over a long period oftime it may have been possible in some ofthese cases to identify the
noise that related to the source of the problem". In our opinion. despite a relatively small number
of these f‘difiicult cases", they deserve careful consideration, also from the point of view of
providing opportunity ofa deeper insight into the problem.

Obviously, there might be difi‘erent physical mechanisms of the hum revealing in a variety of

situations In this paper the hypothesis is examined that one of such mechanisms may be related

to the stmcture-borne sound caused by ground vibrations propagating to buildings as surface

Rayleigh waves [3-5] (this might be one ofthe reasons why the sources ofthe low-frequency hum

are so difiicult to identify by traditional acoustic measurements carried out so far). In particular,

we analyse the possibility of surface wave sources being buried underground gas or petrol pipes

in which turbulent flows ofgas or liquid generate sound waves of high amplitude propagating in a

pipe-line as in a waveguide. The velocities of sound ca inside the pipes (450 m/s for methane)
may be ofien higher than the velocities of Rayleigh surface waves CR in the ground at the

frequencies of interest (5-50 Hz). Typical values of on are 300 - 600 m/s. If ca / CR, then

ground Rayleigh waves are expected to be effectively generated by sound waves propagating

inside the pipes. The physical nature of this phenomenon is similar to that of sound boom from

supersonic jets or to that of recently predicted Rayleigh ground wave boom from superfast trains

[4,5].
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In what follows we demonstrate that ground Rayleigh waves can be effectively generated by

sound propagating in buried pipes, The central frequencies of generated Rayleigh wave vibration

spectra depend on depth of the pipe and are in the low-frequency range (5-20 Hz). The

amplitudes of generated ground vibration velocity due to sound waves propagating in gas pipes

buried at a depth from one to two meters may achieve about 70 dB (relative to 10‘9 m/s). This is

quite enough to annoy some people both because of direct impact of vibrations and due to

generated stmcture-borne noise. The theoretical results obtained may contribute to a filler

understanding the problem that will assist in working out practical recommendations on

decreasing or eliminating the impact oflow-frequency hum on people.

2. THEOPJETICAL BACKGROUND

We assume that a gas or petrol pipe of radius a and wall thickness d is buried at a depth [1

(Fig.l). Let us consider propagation ofa time-harmonic sound wave inside this pipe (the lowest

waveguide mode):

pm) = pomp/mm: - raw (1)

Here p(x.l) is time- and space-dependent sound pressure, [)9 is the sound pressure amplitude. Ira

= m’c is the sound wavenumber, t1) = 271 is circular frequency, and ca is the velocity of sound

in pipe gas (for certainty we limit our discussion by gas pipes only). We recall that total pressure

inside the pipe is P(x.l) = 13,, + p(x,l), where P5, is a static pressure. The sources of sound wave

excitation inside pipes may be different. It maybe, for example, powerful compressors in gas

compressor stations or instabilities of a gas flow in a pipe itself. We will not discuss these

mechanisms here, considering the scund amplitude pg as a given value.

Propagation ofa sound wave in the pipe causes displacements of the pipe walls which in turn can

generate elastic waves in the adjacent ground. Ignoring reaction of the ground on'pipe

deformations and using quasi-static solution of thin shell equations [6,7], one can obtain the

expressions for sound-induced radial and horizontal displacements ofthe pipe walls respectively

w = (if/Ed) p(x,l). (2)

v = {(aotr'Edku) pm), (3)

where E and a are Young’s modulus and Poisson's ratio ofthe pipe material.

The next step in the solution is to determine the amplitudes of elastic fields generated in the bulk

of the ground due to the sound-induced displacements of pipe walls (2), (3). Introducing

cylindrical coordinates r. x associated with the pipe axle, we can express radial and horizontal

displacements in the ground in terms ofthe elastic potentials (p and w:
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u, = ago/a- + Mia-ac, (4)

u, = 5¢v23r - fix/a) -(1/r)_aV/a-, (5)

Quantities (a and (4/ describe potential and vortex pans of the elastic field respectively and
satisfy the wave equations:

442- (my aka-3’ = o, (6)

Aw- (l/c,) it,an = 0, (7)

where A = 3/131 + (l/Ijé/fi' + 197/03!) is the Laplace differential operator written in cylindrical
coordinates, c; and c, are velocities of longitudinal and shear bulk waves in the ground. On the

pipe walls, i.e., at r = a , the displacements of the ground, it, and m, should satisfy the
boundary conditions

u, = \t’ and "x = v, (8)

where w and v are determined by (2), (3).

The solution ofthe boundary value problem (2) - (8) is sought in the form

1/7 = A Ho’”(wr)€XP[i(koY - 1'00]. (9)

w = B Hg“’(v,r)exp[i(kot - iwljj, (10)

where HMO/m) is the Hankel function ofthe first kind and zero order, Vt, = (147,," - kg’)”, k, =
(ti/c. and It, = (u/c, are the wavenumbers of longitudinal and shear bulk waves, A and B are yet
unknown coeflicients. 'Note that (9), (l0) satisfy the equations (6), (7) respectively. Obviously,
if kt,’ > kg) , then to and win (9), (10) describe conical longitudinal and shear elastic waves
propagating away from the pipe. In the opposite case, In." < [(92, expressions (9), (10) describe
localised quasi-static elastic fields accompanying the sound wave and travelling along the pipe at
speed ca.

CoefiicientsA and B are determined from the boundary conditions (8), Using the low-frequency
approximation for the Hankel function Hg’”(Vur) = (2i/Ir) In(v,,,r) , valid for vm' << I , and
substituting (9), (10) into (4). (8), (2), (3), one can obtain the following expressions for A and
B:
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A = —[ima/2&1k,,’ln(v,a)]p,, (11)

B = [(ma/zmmmva) . (MJ/zzdkwpu. (12)

It is easy to see from (ll), (12) and (4), (5) that contributions of to and ill to the ground

displacement field are of the same order. Both these potentials are equally important and

contribute additively to generating Rayleigh surface waves at the ground surface. However, to

demonstrate the effect in principle, we consider here only contribution of the potential tp. This

essentially simplifies the problem yet allowing to achieve satisfactory estimation for the order of

amplitudes of generated Rayleigh waves.

To calculate the amplitudes of elastic fields generated at the ground surface by the waves (9)-(12)

one should solve the corresponding boundary-value problem for the elastic half—space. Excitation

of longitudinal and shear elastic waves in the elastic half space by longitudinal conical waves in the

form (9) has been considered in the paper [8]“ According to this paper, the general integral

representation of the ground surface vertical displacement associated with the excited elastic field

has the form

2k,-’[2(k-‘ +k,,~‘)— k,’]exp[i(iy +ltox+ilts, -wt)]

Fair? +195)
dk, (13)

 

m=DT

where It is a current wavenumber, D = -2iA/;r is the amplitude coefliciént, F(tilt] +Ir02 )=

[203 + kg’) - Hf - 403 + hosts. is the Rayleigh determinant as a function of ‘ik2 +qu7

(instead of k in usual notation), and s,.,= (V + kn) — Inf)”. Evaluation ofthe integral (13) with

regard to calculation of generated hulk elastic waves has been carried out in the complex k-plane

by the method of steepest descents [8]. Note that calculations in [8] were performed for high-

frequency bulk longitudinal and shear elastic waves, with applications to active acoustic detection

ofleaks in underground gas distribution lines.

From the point of view of examining possible mechanisms of low-frequency hum, we need to

investigate generation of Rayleigh surface waves which carry most of the energy of generated

low-frequency ground vibrations. To calculate radiated Rayleigh waves we have to take

contribution ofa residue ofthe integrand in (13) at k corresponding to Fflt’ + ka’) = 0, ie, at

k = Wt; — Ira? , where kg = We); is the Rayleigh wavenumber and C); is Rayleigh wave velocity

Afier simple manipulations, this results in the following expression for the vertical component of

the surface ground vibration velocity, v, = iii/01' , associated with generated Rayleigh waves:
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2 2_ 2
v1 =_ 260m m 2": (2k): 2 [‘4 J ’ expf_h(kk:_kl:)I/2+

Ed’ra WWI) [F’(kR)/k,, ijR (l+2ir)-lra‘

that 2 i[kR’(I+2i}fl . [ti/my].

 

(14)

Here F ’(kfi) is the derivative dF/dk of the "usual" Rayleigh determinant F(lr) = (2V - In?) -
4!?(1? - k,’)"7(l(7 - Ir, J)": taken at k = kn, signs “+" an “-“ in the exponential of(l4)

correspond to the positive and negative values of y respectively, the factor exp(—iw1) is omitted.
In (14) we also have taken into account ground attenuation of Rayleigh waves where it is
essential: in the exponential and in the denominator (otherwise a singularity could be expected
when kg = Ira ). We have accounted for attenuation in a traditional way: via replacing real
wavenumber kn by its complex value kR(]+iy, where y is the attenuation constant of the
ground. It is assumed that sound waves inside the pipe propagate without attenuation.

3, DISCUSSION

According to the formula (14), radiation of Rayleigh waves in the ground takes place only for
[(11 > k0, i.e., for On < co , i.e,, similarly to a sonic boom from supersonic jets or to a ground
Rayleigh wave boom from superfast trains [4,5]. This may happen quite often since, e.g., the
velocity of sound inside the pipe filled with methane is 450 m/s and the velocities of Rayleigh
surface waves in the ground are typically 300 - 600 m/s. It is seen that generated Rayleigh waves
are quasi-plane waves propagating symmetrically with respect to the x-axis at the angles 19 =
coffins/ca) (Fig.1). If co < ck then Rayleigh waves are not generated and formula (14)
describes the quasi-static elastic field accompanying the sound wave and exponentially decaying
with distance y from the pipe.

The presence of the “resonance” expression ‘lkRJ(I+2iy)—koz in the denominator of (14)
implies that for In; > k0 the 1. )st efficient generation of Rayleigh waves is expected at In; zkg.
i.e., at CR zap. Maximum achievable Rayleigh wave amplitudes in this case are determined by the
ground attenuation factor y.

We recall that formula (14) describes radiation caused by time-hamlonic sound wave (1)
propagating in a pipe, If the sound wave in the pipe is not time-hamtoniC, then multiplication of
(14) by the frequency spectrum of sound gives the spectral density of generated Rayleigh waves.
One can assume that in the frequency range of interest (5 - 50 Hz) the spectmm of sound in the

Proc.I.O.A. Vol 17 Part 4 (1995)   



 

Proceedings of the Institute of Acoustics

ON ONE POSSIBLE MECHANISM OF THE LOW-FREQUENCY HUM

pipe is approximately uniform with a spectral density p0. Then formula (14) represents straightway

the spectmm of Rayleigh waves generated by the pipe.

Numerical calculatiOns of the ground vibration amplitudes V = |v:| have been carried out

according to the formula (14) for the following parameters ofthe pipe and ground: a = 0.5 m, d

= 0.005 m, E= 20'10m N/m, a= 0.31 (tempered steel), Cu: 450 m/s, po = 100 dB (relative to
24210" N/mz; Poisson ratio ofthe ground has been taken as 0.25; pipe depth 11 varied from

0.5 m to 1.5 , Rayleigh wave velocity of the ground varied from 400 rn/s to 500 m/s, and

ground attenuation y varied from 0.005 to 0.015; observation distance from the pipe y varied

from 25 m to 100 m.

Fig. 2 shows Rayleigh wave ground vibration spectra for three values of pipe-depth: I1 = 0.5, 1.0

and 1.5 m (curves V1, V2, and V3 respectively). Here ck = 440 m/s, y = 50 m and y =

0.005. One can see that generated spectra have maxima with the magnitudes and locations
dependent on h. The lower the h values, the higher the central frequencies and the larger the

amplitudes of generated waves.

Fig.3 represents ground vibration amplitudes as fiJnctions of Rayleigh wave velocity in the

ground on. for three values of attenuation: y =0.005, 0.010, and 0.015 (curves V1, V2, and V3
respectively). Distance y has been chosen as 50 m, pipe depth I1 was 1 m, and frequency f was

equal to 20 Hz. One can see that at CR approaching Cu from the left a resonance increase of

generated ground vibrations occurs. For on > ca 3 quick drop in amplitudes takes place
characterising exponential decay of the accompanying quasi-static field with distance y.

4. CONCLUSTONS

In this paper, it has been demonstrated theoretically that one of the possible mechanisms of
disturbing low-frequency hurn may be related to ground vibrations propagating to buildings as
surface Rayleigh waves. These waves can be effectively generated by buried underground ga‘s
pipes in which turbulent flows of gas or liquid excite sound .waves of high amplitude propagating

in a pipe-line as in a waveguide. Such a generation takes place if the velocities of sound co inside
the pipes (450 m/s for methane) are higher than the velocities of Rayleigh surface waves C5 in
the ground. Especially large resonance increase occurs for co slightly higher than £3. The

physical nature of this phenomenon is similar to that of sound boom from supersonic jets or to
that ofrecently predicted Rayleigh ground wave boom from superfast trains.

The results of this investigation are based on the simplified model which does not take into
account radiation of shear waves or the influence of layered structure of the ground. Therefore,
they should be considered as preliminary ones giving merely qualitative picture of the
phenomenon. Further theoretical investigation is required to provide more detailed quantitative
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description taking account of layered structure ofthe ground and particular mechanisms of sound

excitation in pipes.
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Fig.2. Ground vibration spectra for diflerent
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Fig.1 Ground vibration amplitudes as fimclions of

Rayleigh wave velocin in the ground
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