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Prediction, measurement and assessment of groundborne noise in buildings due to the operation
of underground railways frequently involves knowledge of floor vibration and requires a calcula-
tion to be made to estimate the airborne sound pressure level that will be caused by the floor
vibration. A rule-of-thumb conversion between vertical velocity level and airborne sound level is
frequently made. Approximations using calculations of radiation efficiency of the floor plate and
the room reverberation time are also sometimes made. This paper reviews the classical equations
for coupling between finite plates and rectangular rooms using wave acoustics, and their applica-
tion to floor plates in buildings at low frequencies. It also compares calculated relationships be-
tween floor velocity and room sound pressure level with numerically modelled sound pressure in
the airspace above a vibrating plate. Conclusions are drawn regarding appropriate ways of as-
sessing airborne noise caused by a vibrating floor plate when only the floor vibration is known.

1. Introduction

In the field of groundborne noise from underground railways, it is frequently necessary to predict
the relationship between the vibration of a floor plate (or other surface) and the sound pressure level
in aroom above the floor, or into which the vibration of the surface causes radiation of sound. Kurweil
[1] reviewed the topic and reported that a reasonable estimate could be made of the relation between
the octave-band room floor acceleration level, and the resulting octave band sound pressure level in
the room. When expressed in terms of velocity level, Kurzweil’s equation simplifies to

L,=L,-27 dB (1)

Where Ly = floor vertical velocity level in dB re 1 nanometre/second and Ly = sound pressure level
in the room in dB re 20 pPa. This relationship has been widely used, including a similar version used
in the USA that Ly=Ly when Ly is in dB re 1 microinch/second, equivalent to Lp=L-28 dB, although
Zapfe et al. [2] reported that a better model was that Lpawt=Lvawt-33 dB where the “Awt” subscript
signifies the overall A-weighted level. However, they presented a group of measured results plotted
against this equation which showed some measurements over 10 dB higher, with the highest being
15 dB higher.

A more detailed approach is to calculate the relationship using wave acoustics, or to model the
system numerically. The purpose of this paper is to review the underlying principles and compare
predictions made using the range of methods outlined above.
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2. Underlying principles

2.1 Sound radiated by a plate into a rectangular room

The sound pressure level which occurs in a room, one surface of which is a vibrating plate, is a
function of the plate mode shape function and the room mode shape function. The coupling between
them is determined by the product of the two functions integrated over the surface of the plate. Let
us consider a room with dimensions Ly, L, and L,, where L, is the height of the room and one surface
in the x,y plane, i.e. the floor, is vibrating.

For a simply supported plate the shape function is [3]

Y(x,y) = sinmL—T sin% 2)

where m and n are any integer greater than 0. This is associated with plate eigenfrequencies which

are given by
D mm 2 nm 2
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Where D:12(1—02) is the bending stiffness, p; is the surface density, o is Poisson’s ratio, h is the
plate thickness and E is Young’s modulus.

Mode 1,1 is the lowest plate mode with an antinode in the centre of the plate, although mode 0,0
can exist if the plate is moving vertically as a piston, with consequences discussed below. If a floor
plate is vibrating as a piston it will have increased coupling with the air in the room, but only at room
mode 0,0,r. In the case of clamped edges, the frequency of the lowest eigenmode will be much higher
than in the case of simply supported edges, often above the frequency range in which groundborne
noise from underground railways has its peak.

The room mode shape function is [4]
pITX qmy rnz
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o(x,y,2z) = cos? L L

where p, g and r are any integer including 0.

This is associated with the room eigenfrequencies which for a lossless room are given by

wy = me j(%)z (1) + () ©

Mode 0,0,0 occurs when the air in the room is being compressed, but the forcing frequency of the
compression is too low, and therefore the wavelength too long, to cause a standing wave. The eigen-
frequency for mode 0,0,0 is zero. Given that the floor plate has a finite mass, in reality mode 0,0,0 is

LyLypc?
Lzps )

the mass-air resonance of the floor plate as a mass on an air spring, i.e. wg oo = (

Equations 2 and 4 are widely used in airborne acoustics in considering coupling between walls
and rooms although other functions are required for other edge conditions.
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Coupling between the plate and the room is given by integrating the product of the plate shape
function and the room shape function for z=0 where z is the room height if the plate is the floor. This
integral leads to the result that no coupling occurs when m+p or n+q is even. This, however, does not
take into account the fact that in the case of room heights which are less than the other room dimen-
sions, which is usually the case, the measurement point is in the near field of the floor plate. The
reason coupling does not occur in the far field is that adjacent zones of the plate are in antiphase,
while the room mode shape is symmetrical, so sound radiated from one zone is cancelled by the
antiphase radiation of the adjacent zone. In the near field, however, this cancelling involves volume
flow along the path between the two zones, and resulting finite sound pressure.

Ignoring the near-field effect, the sound pressure at a point x,y,x in the room, for a shape function
for a simply supported plate, is then given by [6][7]

o r 0 _1)m+p -1 (_1)n+q -1
Pryz _ iwpcs Z Apar(—1) 9x3,2) [ m'"=1mn[( (* - mz)(]cg2 —n?) ]]

2 ] 2
Vyy ML, S~ [(@pqr + i8,qr) — @?Tth(x,¥)

(6)
Where

Apgr = €p €q & (7)

and e, =1forp=0;¢,=2for p>0; gg=1forq=0;¢,=2for ¢q>0; & =1forr=0;
g = 2for r > 0;

The damping term ¢ is related to the reverberation time

6.9

and the reverberation time is given by
0.161
T = 8pay'z . Sqaxlz . 8rax’y (9)
Ly I Ly I Ly

where a,, ,, @, ,, a,, are the average absorption coefficients of the room surfaces in the y,z, x,z

and x,y planes. It should be noted that for constant « the reverberation time is dependent on the mode
number.

Where the measurement height z<%z, m+p in the numerator should be replaced by 1 and where

z<%, n+q in the numerator should be replaced by 1. When m=p or n=q, the integral takes a different
form, and m+p or n+q should be set to zero, avoiding the singularity.

These approximations are only valid for small values of a which is likely to be the case at low
frequencies in most rooms. In such cases, wall absorption is not due to a lining of soft material, but
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due to transmission of sound through the wall. This is a function of the admittance ratio of the wall
[5].

In the case of sound pressure in a room due to vibration from an underground railway, it is usual
to measure both the floor vibration and the room sound pressure level at discrete points, not neces-
sarily with the same x and y co-ordinates. It is clear from equation 2 that the measured amplitude of
the floor plate vibration will be dependent in the position of the measuring point, being at its maxi-
mum at an antinode. Likewise the sound pressure will be at its maximum in the corners of the room
and minimum at a node within the room. It is thus sensitive to both position on the floor and height
above the floor. It is a common practice to measure ground-borne sound levels in rooms near the
centre of the room, and this may result in a level being measured lower than the maximum which
occurs in the corners. The position on the floor plate where the vibration amplitude is measured may
or may not be at an antinode.

The results obtained with equation 6 have been compared with the results obtained using a finite
difference method as implemented by the FINDWAVE program [8]. For this purpose the room was
assumed to have near zero absorption on all walls except the floor, where the value of a, , was set as
Pryz
Vx,y
location for both v and p in which x,y and z are just over 40% of the room dimension. Ly is 3.5m, Ly
is 4m and L, is 3m. The results in Figure 1 have been evaluated with using equation 6 after taking
account of the change of reference level from 1 nm/s to 20 uPa, requiring the subtraction of 86 dB,
over the frequency range 0-140Hz within which groundborne noise usually occurs.

4k where k the admittance ratio of the plate [5]. Figure 1 shows 20 log;, for a measurement

———-Finite Difference

Equaticn &

dB

20 40 60 B0 100 120 140
Frequency, Hz

Figure 1: L,-L, for a near lossless room 3.5m x 4m x 3m high

An important feature of the results is the presence of a series of anti-resonances, and the prominence
of the widely spaced room modes between 40 and 100Hz.

4 ICSV23, Athens (Greece), 10-14 July 2016



The 23" International Congress on Sound and Vibration

In the case of a thick concrete slab, the lowest slab mode may be above the peak frequency in the
incoming groundborne noise spectrum, and the slab may be in forced vibration at mode 0,0, i.e. the
entire building may be vibrating vertically as a piston. In this case the wall coupled with the room at

mode 0,0,1 with a greater efficiency by a factor of "72 or 7.8 dB. That will mean the walls are also in
vertical vibration in phase with the floor, and the slab which forms the ceiling of the room, if of
similar construction, will be vibrating in phase with the floor slab. In so doing it will be radiating
downwards a similar pressure field in antiphase to that radiated by the floor, and the room shape
function becomes

L,—
d(x,y,2) = cos 2= cos I {Cosrﬂ_ cos rr(Ly Z)} (10)
La Ly Ly L,

This shape function would also occur in a tall building with similar floors.

The reverberation time associated with the assumptions in the computation for Figure 1 is very long,
and in practice, rooms in which measurements are made have much shorter reverberation times, and
in building acoustics it is common to normalise room sound measurements to a reverberation time of
0.5 second. Figure 2 shows the results for the same dimensions as figure 1 but with a reverberation
time of 0.5 second at all frequencies.

dB

Frequency, Hz

Figure 2: Ly-Ly for a room 3.5m x 4m x 3m high with reverberation time of 0.5s.

It can be seen that the relationship between sound pressure and velocity levels will strongly depend
on the relationship between the frequencies of plate modes in the floor and those of room modes. If
a plate mode should correspond with a room mode Ly — Ly may be less than 20 dB, but if it falls at
the frequency of an antiresonance it is very much greater. Depending on the approach taken to uncer-
tainty, one may either take the worst case or alternately take a probability approach and use the mean
square in third octave bands, as in Figure 3.

ICSV23, Athens (Greece), 10-14 July 2016 5



The 23" International Congress on Sound and Vibration

— = MEximum

— LT

Lyl dB

10 125 16 20 25 315 40 50 63 B0 100 125
1/3 Octave Band Mid-Frequency, Hz

Figure 3: Maximum and mean square average of Lp-L, in third octave bands for room 3.5m x 4m x 3m high
with reverberation time of 0.5s.

These results may be adjusted for a reverberation time T other than 0.5s by adding the correction
20 log10 . This is a worst case applying strictly only to frequencies of room modes. The results

may be adjusted for other locations, if the floor plate can be assumed to be simply supported, in the
room using the correction

20 lOglO pIX qry TTZ (11)
COS5— COS——— -
Ly Ly Ly

where x and y in the numerator are the vibration measuring position s and x, y and z in the denom-
inator are the sound measuring position.

Figures 4 and 5 show corresponding results for a selection of other room sizes.

3. Conclusions

It can be shown that the relationship between floor velocity and room sound pressure level varies
widely according to (i) the relationship between measurement locations of the two quantities, (ii) the
room dimensions (iii) the reverberation time of the room and, most importantly, the relationship be-
tween the frequencies at which plate modes in the floor occur and airborne room modes. If, as is often
the case with groundborne noise from underground railways, the floor vibration is concentrated at a
single or small number of modes, slight differences between the match/mismatch between floor plate
modes and airborne room modes may change the result by the order of 10 dB. In a case where it is
essential not to underestimate the sound pressure level in a room likely to result from known or pre-
dicted floor vibration, a worst case approach should be taken in which the modes are assumed to
coincide. Otherwise a 1/3 octave band average may be used. Equation 6 can be implemented numer-
ically in a spreadsheet.
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Figure 4: Maximum and mean square average of L,-Ly in third octave bands for room 6m x 5m x 3m high
with reverberation time of 0.5s.
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Figure 5: Maximum and mean square average of L,-Ly in third octave bands for room 6m x 5m x 2.5m high
with reverberation time of 0.5s.
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