
39

n o i s e
n o t e s

noise notes volume 8 number 4

1. INTRODUCTION
Suspended ceilings beneath floors are a very common solution to improve the sound
insulation of a floor design. Even though such systems come in a variety of shapes
and materials, their geometry seldom deviates greatly from the typical “double-leaf ”
structure (only ceiling constructions typically used in dwellings are considered here
and office type ceiling tiles on channel grids are excluded). Typically, the two
“leaves” have the same area, are parallel to each other and are mechanically
connected via a suspension system. The ceiling often comprises one or more
plasterboard layers. This plasterboard diaphragm is suspended by screws to a grid
of parallel ceiling battens which are themselves suspended from the concrete floor.
The ceiling cavity is typically filled with a fibrous absorbing material.

The principle of sound transmission through such a system can be separated
into three different but inter-dependent paths. A structural path through which
vibrations generated in the top plate are transmitted to the lower plate via the
suspension system, a fluid path which describes the coupling between the plates due
to the compressibility of the fluid in the ceiling cavity and a flanking path through
the surrounding structure. This paper does not address the issue of flanking to
concentrate on the interactions between the various elements constituting the
system.

A review of the literature [1] has shown that much work, both theoretical and
empirical, has been done on the topic especially in the area of lightweight timber
floors and monolithic floors. However, it was shown that little is available on the
combination of concrete floor and lightweight suspended ceilings. A basic principle
has been adopted for both lightweight timber floors [2-5] and concrete floors [6-9]
with suspended ceilings whereby the system is conceptualised as a double plate
structure. Works treating the problems of double plate structures and ribbed plates
are therefore seminal to the study of floor/ceiling sound insulation [10-18]. A closer
examination revealed that most previous models relied on the assumption that the
framework of ribs is periodic and that the structure is infinite [2, 10, 19-24]. Yet,
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evidence exists that the response of a finite plate to an impact excitation varies
across the plate, depending on how far the excitation and receiver are from the
boundary [19, 25-26]. Moreover, a substantial work has been done on disordered
periodically ribbed plates [27-38] which provides sufficient clues as to how non-
periodic structures can be mathematically handled.

The literature indicates that the prediction of the impact sound insulation of a
floor depends on the availability of an accurate model to predict the driving point
impedance of the floor [19, 39] which, in turn, needs to be combined with an
accurate description of the impact force. Moreover, a substantial amount of data for
many types of impact sources is already available [19-20, 38-40]. It can be concluded
that there is no urgent need for a new model of impact force for concrete floors.

Other aspects relative to the problem of sound insulation through double leaf
structures also need to be considered at low frequencies. In the case of the problem
of fluid-structure coupling, it was shown that the coupling between the source and
receiving rooms and a modally reactive floor (or wall) has triggered much interest
in the acoustic community. Previous studies [41-44], limited to a single leaf panel,
have exposed the effects of coupling between the modally reactive rooms and panels.
Yet, no theoretical model for the sound insulation of a double leaf structure between
rooms is to be found and only empirical data is available concerning the importance
of these effects.

The issue of modelling the infill material in the ceiling cavity has already been
addressed extensively leading to sophisticated and very complex prediction models
seemingly offering a large choice of approaches [45]. However, as many researchers
in building acoustics have concluded, the model for the cavity infill is only
considered as a means to include dissipation in the cavity and that the gain in
accuracy provided by using complex models such as Biot’s [46] or Allard’s [47] is not
necessarily justified in comparison with the expected accuracy of the model
altogether. Such consideration has led many to adopt Delany and Bazley’s empirical
model [48] or one of its improved versions [49].

The overall conclusion drawn from this literature survey is that although much
has been considered regarding the sound and vibration transmission of floor-like
structures, little has been done to predict the acoustic performance of suspended
ceilings beneath floors. A low frequency model that considers the finite size of the
floor, that does not rely on the periodicity of the structure, that includes the fluid
loading of the plates from the source and receiving rooms and that predicts the
mobility of the system, with an accuracy at least comparable to that of existing
models, would constitute a step forward in this already well researched domain.
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Figure 1. A ceiling suspended from a concrete floor.
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In this paper, the analytical model used to predict the performances of such a
floor/ceiling structure is first presented as a set of equations governing either a
vibration displacement field or a sound pressure field of a component of the
structure. The solution to this problem is then presented before the numerical
predictions are compared with measurement data.

2. ANALYTICAL MODEL
The frequency range considered in this study is 0 to 500 Hz. The displacements and
sound pressure fields are written as the sums of trigonometric functions
(modeshapes) that describe the vibroacoustic states of each component. The
equations governing the dynamic behaviour of these components lead to modal
expressions describing the coupling phenomena involved in the structural and fluid
transmission paths. These coupling terms between the individual components allow
the reduction of the problem to a system of partial differential equations, the
unknowns of which are the sets of expansion coefficients for the displacements of
the floor and ceiling panel. By writing the problem into a matrix form, the solution
is given directly by a single matrix inversion.

2.1. MONOLITHIC FLOOR
The monolithic floor considered in the present study is a single concrete slab of
constant thickness h1, Young’s modulus E1, density r1 and corrected shear modulus
G1

* (Fig. 2). It is modelled as a thick plate with general elastic boundary conditions
defined, at each point of the perimeter, by a set of transverse and rotational springs.
The ideal boundary conditions (F, SS and C) can then be described by assigning limit
stiffness values to the springs. For example, the simply supported edge condition is
described by setting the KT = 0 (translation) and rotational KR → ∞.

The boundary conditions are then given by a set of equations accounting for the
residual displacements and bending and twisting moments occurring at the edges as
a result of the elasticity of the supports. If the transverse displacement of the plate
mid-plane is denoted u1 then one can write
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Figure 2. Elastically supported concrete slab.
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where M and Q denote the bending moments and shear forces applied to the plate
by the reacting springs. Many functions satisfying the above set of boundary
conditions can be considered and in particular trigonometric functions, generated
by expanding the displacements into Fourier series. Polynomial functions have also
been used, by expanding the displacements into Taylor series [50-52]. The
transverse displacement of the concrete floor can then be expanded as

(1)

where Ppq are the expansion coefficients (unknowns to the problem). ψp(x) and Θq(y)
are the modeshapes, each is defined as the sum of the modeshape associated with a
simply supported plate and a function of the stiffnesses of the springs at the
boundaries [52]. Under a harmonic point excitation force noted F directed normal
to the plate, in the positive z-direction, the plate is set in vibration. The transverse
displacement field is the solution to the following governing equation

(2)

where  D̂pq
(1) and  N̂ F are respectively the operator associated with the governing

equation for the transverse displacement of a thick plate and the associated non-
homogeneous term [53]. S is the surface area of the concrete floor. For a simply
supported plate, the right hand side term of eqn (2) becomes   D̂pq

(1) Ppq S / 4 and

(3)

(4)

where αp = pπ / Lx, βq = qπ / Ly and where ∆ is the Laplacian operator. The terms
introducing the corrected shear modulus G1

* represent the transverse shear
contribution and those containing the ratio ρ1h1

3 / 12 the rotary inertia of the plate.
Eliminating these terms reduces the equation to that of Kirchhoff ’s thin plate
theory. It is noted that the concrete floor is not only under the point excitation force
F but also subjected to the reaction forces from the suspension system attached to it.

2.2. SUSPENSION SYSTEM
The suspension systems connecting the concrete floor to the ceiling come in a
variety of shapes and materials. The concrete floor to rod connection is typically
rigid but can also include a damping rubber block. The connection at the other
hand consists of a steel clip that can offer both resilience and damping. Additionally,
the ceiling batten can contribute significantly to the resilience of the suspension
system depending on its shape (Fig. 3). These batten characteristics are here
implicitly considered as being part of the suspension system stiffnesses discuss in
this section.

The suspension rod is subjected to the forces and moments applied by the
vibrating concrete floor and ceiling at its extremities and constitutes a main path of
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vibration transmission. The forces and moments are expressed at the extremities as
functions of the displacement fields u1 for the concrete floor and u2 for the ceiling
panel.

A wave-based analysis shows that the typical length, stiffnesses and density of
such rods result in natural frequencies for longitudinal motion well above the 500
Hz limit. The same analysis shows that one resonance frequency associated with
flexural motion falls within the frequency range considered. It is here proposed to
use a lumped model approach comprising of longitudinal and flexural springs and
dampers where the flexural stiffness is frequency dependent and includes the first
flexural resonance frequency of the rod. The combination of above is described by
the equivalent dynamic stiffness Zeq. If the suspension system consists of a
longitudinal spring KC, a flexural spring KM and a damping CR, then

Zeq = KC + jωCR + KM∆. (5)

If u2 denotes the transverse displacement field of the ceiling panel, the reaction
force exerted by the suspension system on the concrete floor and suspended ceiling
is a function of the transverse displacement difference and angular displacement
difference between the two plates:

(6)

where (xα, yβ) denotes the positions of the suspension rod.

Figure 3. The suspension system and lumped equivalent model

2.3. CEILING PANEL
Ceiling panels generally consist of a single or double layer of gypsum board,
stiffened by an array of ceiling battens and are, typically, supported by peripheral
“L-shaped” channels (Fig. 4). The array of battens is, in most cases, periodic. The
model proposed here does not assume any periodicity in the battens’ and rods’
distributions so that the performances of a wider range of designs can be predicted.
Series of simple vibration level measurements on battens and peripheral channels
[1] have shown that the boundary conditions of the ceiling battens and ceiling
panel, when screwed to the peripheral channel, can be modelled with reasonable
accuracy as simply supported, allowing for rotation but no transverse displacements.

Typically, ceiling panels are periodically screwed to the array of battens.
Experience [1, 54] has shown that these screw connections are best modelled as rigid
point connections when the bending wavelength in the panel is shorter than five
times the screw spacing and as a rigid line connection otherwise. Each batten is
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modelled as a beam under multiple driving point forces, located at the connections
with the suspension rods, and set in bending and torsional motion. The ceiling
diaphragm is modelled as a single thin classical plate as the length and width of
ceilings far exceed the thickness of the plasterboard.

Figure 4. Boundary conditions for ceiling panel and battens.

Considering that all battens are parallel to each others, the locations of the battens
can then be fully defined by a finite set of coordinates the dimension of which is
equal to the number of battens in the system. If one assumes that the screws are
aligned along each batten, the locations of the connections between battens and
ceiling panels are fully defined by the coordinates of each screw.

The reaction force exerted by the battens on the ceiling panel can then be
written as

with

(7)

where EIy and GJy are respectively the complex flexural and torsional stiffnesses, ρb

is the density, Sb the cross-sectional area and IP the polar moment of inertia of the
battens;    (xb, ys) are the coordinates of the screws.

If the displacement field of the ribbed ceiling panel is decomposed in a basis of
eigenfunctions φp(x)ζq(y) satisfying the boundary conditions above, and if the
expansion coefficients are denoted Cpq so that

(8)

the equation governing the displacement field can be written as

(9)
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2.4. CAVITY
Typically, the cavity is partly filled with a fibrous material for attenuation of the
sound transmission from the floor to the ceiling panel via the air in the cavity. The
partly filled cavity is modelled as two subsequent media of propagation (Fig. 5). The
vertical walls of the cavity are assumed impervious.

Figure 5. Cavity with infill, notations.

The first domain of propagation is defined by and the medium of
propagation is air (characteristic impedance r0c0 , wavenumber k0 = w / c0 ). The
second domain of propagation is defined by and the medium of
propagation is modelled as an equivalent dissipative fluid with the complex
characteristic impedance defined in [48] as a function of the airflow resistivity 
of the fibrous material [49]. The complex impedance results in a complex
propagation constant . The two Helmholtz equations governing the sound
pressure field in the sub-domains are respectively written as

(10)

(11)

The conditions of continuity of the acoustic and mechanical velocities at the
solid-fluid ( ) and fluid-solid ( ) interfaces leads to relationships between the
sound pressure fields in the cavity and the displacements and of the plates:

and
(12)

Finally, the continuity of the particle velocity at the interface between the two
media of propagation gives a direct relationship between the sound pressure fields [55]
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the substitution of eqns (14-15) into eqns (10-13) leads directly to the expressions
for the sound pressure fields as functions of the expansion coefficients and 
of the plates’ displacements.

2.5. SOURCE AND RECEIVING ROOMS
In practice, the floors considered are always separating two rooms of finite
dimensions. The outgoing acoustic waves generated by the vibrating ceiling panel
do meet boundaries and are partly reflected back toward the ceiling. Stationary
waves may build up and the effect of the fluid loading is then a combination of mass,
stiffness (due to the compressibility of the air) and resonant behaviour. The effects
of backing cavities on the dynamic response and radiation of flexural panels have
been investigated using various approaches such as finite elements [44] or modal
analysis [41-43]. It was shown that the sound level difference between two rooms
separated by a given structure (floor or wall) is not only a characteristic of the
structure but also of its environment, comprising the junctions, the source room and
the receiving room.

Figure 6. Notations associated with the receiving room and vibrating ceiling
panel at 

The following approach is detailed for the receiving room coupling with the
vibrating ceiling panel. However, the same steps can be followed to treat the
problem of coupling between the source room and the concrete floor. The
boundaries of the room (walls and floor) are represented by their characteristic
admittances Y.

If denotes the sound pressure at any given point in the room,
then Helmholtz equation can be written as

(16)

The sound pressure field that is the solution to the above problem must also
satisfy the boundary conditions imposed by the energy dissipative walls and floor:
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In this investigation, the values of the admittances at the boundaries are
assumed equal for opposite walls so that . The solution
to the above problem is sought as a series of admissible functions satisfying the
boundary conditions (17). The variations of the pressure field in the z-direction are
included in the associated expansion coefficients :

(18)

The admissible functions that satisfy the boundary conditions are given in ref.
[55] as

(19)

where (δ denoting the Kronecker delta)

(20)

Substituting eqns (18-20) into eqn (16) leads to the determination of the
coefficients as sums of waves propagating in the z-direction and depending
on the boundary conditions along the two other. Substituting the result into eqns
(17) provides the expressions for the magnitudes of these waves as functions of the
expansions coefficients associated with the displacement field of the ceiling panel.
Similarly, the same approach for the source room leads to the expression of the
sound pressure field in the source p

S
(x,y,z) as function of the expansion coefficients

associated with the displacement of the concrete floor.

2.6. SOLUTION
The problem can now be fully defined by writing the equations governing the
displacements of the floor and ceiling panel as

(21)

Multiplying the first equation of the system (21) by the modeshape and
the second equation by and integrating over the surface areas of the floor
defined by before applying the orthogonality
relationships between modeshapes leads to a new system of equations which, when
written in a matrix form, becomes
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(22)

where D(1) and D(2) denote respectively the sums of the stiffness and inertia matrices
associated with the free vibrations of the uncoupled floor and ceiling panel; Θ is the
matrix associated with the finite sum of all local forces and moments applied by the
rods, H denotes the matrix associated with the reaction force from the battens to the
displacement of the ceiling panel, PCi/j are the matrices of modal coupling terms
between the ith part of the cavity on the jth plate and [B] is the coupling matrix
between the driving point force and the modal displacement of the floor. {P} and
{C} are vectors, the components of which are respectively the expansion coefficients
Ppq and Cpq. Finally, condensing the system of matrix eqns (17) into a single
equation

(23)

leads, after inversion of eqn (18), to the expression of the expansion coefficients Cpq

for the displacement of the ceiling panel. The vibration velocity of the ceiling panel
is then directly reconstructed using eqn (8). The mean-square vibration velocity of
the ceiling panel is directly available for a given harmonic point excitation force
applied to the concrete floor [10].

Figure 7. Array of battens suspended from a concrete floor before the
installation of the ceiling panel.

3. NUMERICAL RESULTS
3.1. EXPERIMENTAL DATA
The system considered is shown in Fig. 7, consisting of a 140 mm concrete slab to
which were rigidly connected an array of fifteen 180 mm long steel rods. Five
parallel battens were suspended from the array of rods, 600 mm apart, before a sheet
of 13 mm gypsum was screwed to the battens. The screws were set at 200 mm
centres.

The characteristics of the materials used for the measurement and simulations
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are given in Table 1. The same values were used for the prediction of the mobility.
The harmonic point force was provided by a B&K4809 electromagnetic shaker

driven with a random signal generated by a HP3566A dynamic signal analyser,
amplified by a Ling TPO25 amplifer and mounted onto a rigid frame above the
concrete slab. A PCB208C02 force transducer measured the excitation signal (Fig. 8).

Two PCB352C68 accelerometers with PCB480E09 power supplies were used to
measure the vibration acceleration of the suspended ceiling from which the transfer
mobility of the whole system was derived. The acceleration signal was recorded over
a period of 1 second and the averaged spectrum of the signal averaged over 128
repetitions of the measurement at 37 different positions over the surface area of the
ceiling.

The point and space-averaged mobilities of the system were derived from the
acceleration signal. The space-averaged mobility is defined as equal to the
normalised quadratic velocity of the ceiling panel, was estimated as

(24)

where * is the complex conjugate.
The predicted and measured space-averaged mobilities are shown in Figs. 9 and

10 for comparison.

Table 1. Characteristics of the materials

Concrete Ceiling
E1 (Nm–2) 29 109 E

2
(Nm–2) 2.8 109

h1 (mm) 140 h2(mm) 13
r1 (Kgm–3) 2400 r2 (Kgm–3) 700

Rods Battens
Ec (Nm–2) 210 109 Ey (Nm–2) 210 109

rc (Kgm–3) 7500 Iy (m4) 11.910–9

length(mm) 180 Jy(m4) 510–12

radius(mm) 6 rb(Kg m–3) 7500
Sb(m

2) 6610–6

Cavity Dimensions of system
s(mksRayls/m) 4135 Lx(m) 3.4
d(mm) 180 Ly(m) 3.4

105

Fig. 9 shows that the predicted point mobilities are in relatively good agreement
with the measured point mobility. The region in the very low frequencies (f < 50
Hz) cannot be accurately predicted due to the elastic boundary conditions of the
concrete floor used for the measurement. However, for frequencies above this limit,
the predicted mobility exhibits similar frequency content to that of the measured
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mobility. The differences between the predicted and measured point mobilities are,
for some frequencies, more than one order of magnitude.

Figure 8. Experimental setup.

Figure 9. Measured (—) and predicted (—) point mobilities of the suspended
ceiling for four different excitation and measurement point.
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The predicted space averaged mobilities shown in Fig. 10, calculated while
assuming the concrete slab simply supported above 50 Hz and elastically supported
below 50 Hz, are compared to the measured space averaged mobility. The space
averaged mobility is calculated over the entire set of measurement points while the
predicted mobility is calculated by averaging over the entire surface area of the
suspended ceiling.

Fig. 10 shows that the predicted and measured space averaged mobilities of the
suspended ceiling are in reasonably good agreement for frequencies above 50 Hz. It
can be seen that the resonance frequencies of the concrete floor influence
significantly the mobility of the entire system. The locations of the resonance peaks
around 112 Hz, 250 Hz and 430 Hz are well predicted. However, the limited number
of modes in the prediction results in a drop of the agreement between the predicted
and measured space averaged mobilities above 440 Hz. It can be seen that the model
does well in predicting the main trends of the response, especially the dominance of
the resonance frequencies of the concrete floor. The model, however, under-
estimates the response of the system which, one could expect, might result from
errors in assigning material properties and thus render the coupling terms weaker
than they actually are. Indeed, experience tells us that some material characteristics
and some aspects of the system’s geometry can significantly affect the magnitude
and frequency content of the space averaged mobility. Fig. 11 gives the level
difference between the measured and predicted mobility (i.e. twenty times the
logarithm (base 10) of the ratio of the measured space averaged mobility to the
predicted space averaged mobility).

Figure 10. Measured (—) and predicted averaged mobilities of the suspended
ceiling: (—): simply supported concrete slab across the frequency
range, (—): elastically supported slab below 50 Hz.

The mean value of the relative difference calculated over the entire spectrum
considered is equal to 9.0 dB when the concrete slab is simply supported and to 7.1
dB when it is considered elastically supported below 50 Hz. The dynamic range of
the relative differences spreads over 40 dB and the local maximum deviations occur
around the resonance frequencies of the concrete floor at 224 Hz and 430 Hz.
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Figure 11. Relative difference between measured and predicted mobilities. (—):
simply supported concrete slab across the frequency range, (—):
elastically supported slab below 50 Hz.

There are many possible reasons to explain the lack of detailed agreement between
the measured and predicted responses of the system. First, the boundary conditions
of the real concrete slab are difficult to estimate. The present model can only assume
simply supported or homogeneous and frequency independent elastic boundary
conditions. The concrete slab used for the measurement was in fact bolted up (8
bolts along the perimeter) to the surrounding floor. Secondly, the boundary
conditions of the cavity and ceiling panel are only approximate ones while in
practice; there will always be a fraction of energy dissipated within the vertical walls
of the cavity and the peripheral channels. Thirdly, the damping in all structural
components of the structure is introduced as a constant loss factor when it is, in
reality, a frequency dependent quantity which needs to be measured for all modes
within the frequency range considered. Finally, the material properties can only be
estimated and they are assumed identical for all battens, all plasterboard sheets and
all suspension rods. In reality, these characteristics exhibit a degree of variability.
The effect of such variability can if fact be investigated using the present model as
the latter does not rely on a strict periodicity of geometry or material properties.

The agreement at low frequencies ( 350 Hz) between the measured and
predicted point and space averaged mobilities would certainly improve if the
properties of all the components used during the experimental campaign had been
experimentally determined. It can however be concluded that the model predicts
reasonably well the response of the system to a point force applied onto the concrete
floor.

4. CONCLUSION
In this paper, a model for predicting the dynamic response of a suspended ceiling
beneath a floor was briefly presented. Limiting the analysis to the low frequency
range, the modal decomposition of the displacement fields and sound pressure fields
offers the benefit of isolating the different coupling terms between the different
elements of the system.

The problem is simplified by combining the equations governing the
displacement fields of the concrete floor and ceiling panel and that governing the
sound pressure field in the cavity into a single matrix equation that can be
numerically solved with a single matrix inversion.
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It was shown that such a model can predict the dynamic response of a
suspended ceiling beneath a floor with reasonable accuracy while offering a realistic
approach by considering the finite size of the system, the elastic boundary
conditions of the concrete floor, the partial filling of the cavity and the non-
periodicity of the battens’ and rods’ distributions.
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NO COMPENSATION FOR DROPPING VALUES CAUSED BY NOISY RAILWAY

The Jerusalem District Appeals Committee has rejected an appeal by residents of Herzl Street in the capital,
who sought compensation from the city for alleged impairment of property value as a result of the
construction of the light railway nearby, resulting in increased noise and vibration.

FAA TAKES NEW LOOK AT O’HARE NOISE

The Federal Aviation Administration is launching a review of its longstanding airport noise standard after the
new runway at O’Hare International Airport routed more departures north of Chicago, prompting complaints.
Airport noise averaging 65 decibels or less over a 24 hour period (DNL), is considered compatible for
residential use. But critics say that standard doesn’t take into account the frequency of flights or other factors.
“While decades of research throughout the world has shown that community annoyance from cumulative
noise energy exposure does correlate well with the DNL, the FAA has decided that it is timely to undertake a
new systematic review,” according to an FAA statement. “The research will consider acoustic and non-acoustic
factors that affect community response, people’s response to noise exposure changes, and metrics other than
DNL.” The FAA said it will convene meetings, later this year, of noise experts from around the world to plan
its research agenda. The meetings will include representatives of the aviation industry, airport communities
and government staff.
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IS HOUSTON’S PWD VIOLATING HOUSTON’S NOISE ORDINANCE?

Jeff Helton says he hasn’t been able to sleep in weeks. His home overlooks Westheimer near Wesleyan, and
for nearly a month, he says, a backhoe and jackhammer jolted him awake in the middle of the night. “It’s like
standing on airport tarmac,” Helton said. “It got started right after rush hour and it would go on all night
through the morning.” The city’s Public Works Department said a contractor is replacing a 16 inch
underground water line, and that the work must be done overnight to keep traffic flowing during the day.
Spokesman Alvin Wright said crews have been instructed to keep noise levels within the city’s noise ordinance,
which requires any outside noise within range of a residential area after ten o’ clock at night be quieter than
58 decibels. “Not gonna happen,” Helton said. “You’re jack hammering through pavement, moving steel
plates around. It was very loud.” Helton complained to the Houston Police Department and the City Council.
Council Member Pam Holm said, “it appears to me, and we are asking questions also, that the City of Houston
is allowing a contractor to do work for us without any regard for the noise ordinance.” Wright said he believes
the work was done within the boundaries of the law,l but said the contractor has been reminded of rules as
a precaution. Besides, Wright said, the loudest work in the sprawling Westheimer project is already complete.


