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1.0 Introduction

Considerable progress has besn made recently in tha davelopmant of
snergy-image-sourca theaories [1,2] which predict the propogation
of sound in disproportionata, non-~diffuse spaces, in particular
factory buildings. However, in order for these new thacories to ba
directly usable by nolse consultants and dbullding deaignersa, it is
necessary to detaremine saccurats values for the pnpnﬁotern in the
models.

Factory sound fields sre strongly affectad by the internal surface
abacrption of the enclosure. The trend in industrial buillding
dasign 1a towards the use of lightwailght ¢ladding panels, ranging
from metal prefiled shast and compoaite panels to glass-reinforced
cament and plestic sandwich . conatruction panele. This treand
presants the need to develop an accurate tachnique for measuring
the absorptive properties of 2uch panel arrays.

Of particular importance are thae low fragquency values and theae
dapandance of absorption upon angle. Thacrectical studies using
finite plate models [3] indicate that at low fregquenclas the
abesorption of claddinga is dAue to the dissipation enargy in the
vibration of the component panels on the interior surfaca. Finite
and infinite plate absorption models (4} have indicated that
arrays of regularly repesated panels have pronounced angular
variation of abmorrtion and exhibit a high absorpticon coafficlant
at angles closa to grazing incidenca.

2.0 Lightweight cladding panels

Dua to their flexibility and interchangeability thara has bean a
big increase in the use of architactural claddings. Praviously
claddings wera only used on pretiguocus projects, but now their use
hae. bean extendad to all kinds of industrial and commarcial
buildings. : :

There is now & wide ranga of lightwelight cladding in shest and
panel form avalliable to srchitects [5], enabling them to select
the panel most suitabla for each particular application. ' Tha
characteristics of these lightweight panels are summsrised in the
tablea shown in figuras 2.0{a),{(b) anda (c}.

2.1 Profiled Sheating

Profiling 2imparts stiffness and henca astrength to <thin snd
othorwise flexible askins. Profiles are either sinusoidal with
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soft edgas or trapercidal whare the sheats are rolled with sharper
edges into troughs and ridges. .Trapezoidal profiled sheets are
genarally preferrad by architacts and thers im a very wide range
avallable. The variaety is illustatad in figure 2.1.1. With the
accessories availabla from manufacturars, profiled shests can
Batisfy most applicaticns.

Ganerally, the weighted sound_raduction'index is gquoted am being
no batter than 28dB for 0.9mm profiled mtaal sheeting or 18dB for
1.2mm profiled aluniminium sheating, and its value as a function
of freaquancy can vary with profile deapth. Friberg ([6] found the
random incidence abesorption of 0.7mm profiled ateel shesting to be
0,12, and that any increasea in profile depth and thickness would
result in an incresase in absorption. especially at resconanca.

When the aound reduction is important, additional insulation
B8hould be used. With a backup of mineral wool and Plasterboard,
as jllustrated in figure 2.1.2, it is pomsible te achaive up  to
A6dB gound 1insulation. Alternatively plastarboard alone or a
#teal liner tray with 12.5nm urathane give 32dB. Additional
insulation alge increases the overall absorption of the eladding
and hence affects the internal sound fiald of the building.

2,2 Composite maetal Eanaln

The most common type of composite panela are sandwlich panals.
There are various types of core materials that can be usad,
including:_ -~

honeycomb (in paper and aluminium)

mineral wool

palyurethans (uaunlly foamed)

bead polystrane and extruded polyatyrens (styrofoam)
PVC

* % 4B R

The uee of any particular type or thickness of core depandas upon
the requirements for atiffness of the whole panal and for the
thermal and acoustic performance. The aimplest way of increasing
the insulation performance of metal sheeting is to bend profiled
aluminium or steel shest to sheaet insulation. Alternatively,
panels of profiled shaeting, insulation and a lining can be made
on & continuous fosm-in-place production line. These mathods are
1illustrated in figure 2.2.1.

Boeth the sound reduction index and absorption of composite panels
will depend upon the core material usad, and hence the building's
internal sound fiald, Inereasing tha thickness of tha core
material, increases tha mass and stiffnesa of the panals, and-
hancea increases thair absorption. .
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2.3 Glass reinforced polyester (QRF) and glass fibre reinforced
conereate (GRC)

One main advantage with GRP and GRC ir their mouldability and
nence variety of posaible profiles, GRP also has high strength to
waight ratio. Howaver GRP 1ls more expensiva on =& volume basis
than moat other bullding matarials. Sandwich . or double skin
construction panels are avaliable in both dRP and GRC, although
where shaped ORC panals are reqiired, a singls mkin construction
ie recommended. According to manufacturera, a 10mm single akin of
GRC at 20 Kg/m® denslity gives an average sound raluction of 30 dB
over tha normal fregquancy range. Bven 1f the zkin thicknesas is
deublad to 20mm, bayond that nermally recommendad, the avaerage
reduction 1is only 35dB. For better acoustic performance, a
sandwich construction should be used. Howavar, 1if preformed weaba
are necessary for structural reasons, the sound reduction index of
the panal will raduce. To date no absorption msasuremants of this
typae of cladding has been found. It is hoped that samples can be
cobtained for investigation.

3,0 Practical considerations when maasuring scoustice
characteristice of claddings

Factory wall and roof constructions which make use of cladding can
be conslidaered to be a filnite array of panel sbsorbers. Guy at,al.
[7) reported that the accuatic behaviour of pansla is affacted by:

% girae of test panal.
* mounting of test panel.

Thesa factors mumt be considered when essessing a particular
technigue for the measurement of acoustic charactariastics of panel
absorbers.

In addition, bacausa it has been established that the socund fisld
in & factory is non-diffuse, we should noteai

# tha sound field in which the mesasuremsnt is mada.

4.1 -Raview of Methods for the measurement of acoustic absorption

An investigation has been made into smeveral different methods for
measuring the abasorption characteristics cof different cladding
materials. These mathods can be categorised as follows:

raverbarant chamber uaAluramentg;
impedance tube measuraments.
intensity tachniques,

impulme tachniguaes.

phase gradient moasurements.

[ N N B 3

This preject group has carriesd ocut dxpgrinental measuramsnta on
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profiled ateael cladding using the firat three tachniQuas liated
abova and hopaa to present scme of the results at the conferenca.

A brief description of weach of the method now followa,
concentrating on the practical difficulties involved.

3.1.1 Reverbaration room measuremeants

The randem incidencae abacrption coefficlent of a material can be
measurad in a reverberation room. To measure cladding materials a
transmiesion suite is used where tha source rocm is considared to
be the raverberaticn chamber required for the conventional mathod
and the recleving room is made absorbent in order tco provide =

free-field backing. The cladding 31s mounted in the aperturae,
using the aame structural support and fixings as typifiea an
induatrial ceonatruction. This is 1illustrated in figure 3.1.1.

The random incident abmorption of the sampla is measured i1in tha
convantional mannar:

of = v.282 vV |1 - 1 (1)
5 LT Tx

Where T, iz tha reverberation time of tha empty source room and T
is the reverberation time after the cladding sample has been
mounted in the room. V is the volume of the source room and S is
the surface area of tha aample.

Howevar, - tﬂere are drawbacks Iin thias mathod. Firstly, tha
measurement Iis made iIn a diffuse sound field, wheraas the
prediction models ara for non-diffuse spaces. Secondly, the

mathod only gives the random incidence acund absorption, 80 the
angular depandence c¢&n not be determined. Also, the size of the
sample is limited, and the boundary c¢onditiona, which strongly
determine the acouatic characteriatice o¢f panel absorbers
{aspecially at low frequencias) arae not truly represanted.
Invastigation i= being made into the affect of different
mountings, although this is 1limited to the design structure
spacifiad by the manufacturar.

2.1.2 Impedance tuba tashnigues

Threaa differant types of impadence tubs methodas are baing
investigated:

atanding wave ratio; satandard impedance tube method
- Wava-tube tona burat; Vigran mathod {81
wava-tube impulme; Ding Yong-Sheng method [9)

L I N

The impedance can only be measured at normal incidence and at low
frequencies., Due to thes occurence of cross mcdes a high frequsncy
limit exists on impedence tube methoda . Howsver, teshniques have
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besn suggested that eaxtend the measurement ranga bdDy 2 or 3
octaves. For instance, Vigran proposed that the impedance tuba ba
subdividad into a group of eémaller parsllel ducts, This tachnique
iz to be investigatad furthar. Ding Yong-sheug's method uaing
impulses ia illusastratad in figure 3.1.2. Yho same principle i=s
applied as described in section 3.1.84. to find the reflection
coafficent of ths test material. Coxparisons between this method
and the standing wave tube method showad that data measured by the
latter began to distribute randomly above 700 Hz, making 1t

daifficult to meamure low values of reflection coafficient.
Measuramsnts from the wave tube ilmpulse method clearly indicated
the low valuss. With a complex FFT transform procedurse the

complex impedance could also bs found with the sama precision.

Thea impedence tuba has the advantage that it i8 a quick and
convieniant mathod for comparative measuremants. Howaver, if very
small samples are used, the results aras thought not to represent
the whole surface of the cladding and can oxly be taken as an
indication of the relative absorption of the test sampleo. Both
tha tone-burat and impulse methods overcome the single frequency
limitations o©f the standing wave ratic method, but difficulties
have been sncountered due to axcitation of higher vibration modas
in the ftube.

Refarring back to the practical consideration of measuring the
acouatic characteristics of factory claddinga, the main drawbacks
of the impedance tuba matheods are the small oire of the test
sample and its mounting in the tuba. As previocusly mentioned, the
panel action of claddings and the bize and mounting of a sample
will have a critical effect on ite bahavicur, particularly in the
low frequency range of the impodence tube mathod.

Thia pesearch group is experimanting with this method using a 6m
tuba with a samplae of 70 %X 70 c¢m mounted in the tube such that 1ita
behaviour would be a8 part of an infinite cample, ag. like a
spsaker cona. Mountingas, eg. neoprine, are being considered into
which the vibration of the cladding sample propagates such that it
would ba guickly attenuatad but not reflected, henca simulating
the behaviour of & wave in an infinite sampla,

3.1.3 Intenaity technigues

Beveral papers heve boen publiahad recently dasmcribing methods for
measuring the acousmtic characteristics of materials using thae
intenaity mathod [10].

In the laboratory, ths snsmple can he mountaed in a ravarberation
room, adjisacent to a assai-anechoic apace 1in ~the same way as
describad abova, The ¢xporimantal aetup is lllustrated in rigure
3.1.3. The incident sound intensity con be calculated from the
reverbsrant scund pressure leavel,

ILi = BPLI - & 4B . (2)
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The abaorbed intensity in proximity to the material 1ls determinad
by scanning the sample with the intansity probe,

ILa = XL - Il w/m™ (3)
The random incidence absorption factor is calculatad from
o = Ia (3)
I
hance, -
10 logo = ILa - SPLI + & d4B {5}

One obvious advantage of this methoed over the convantional room
maethod 1ig that the psampls remainse 1in place for the whole
measurement procedure, Measuramenta are being made using thias
method, using both a BRK intenaity probe with dual channel signal
analysar typa 2032, and a Nortronies 215 intensity probe sand real
time analysar type 830. Also, the following experimental Qetails
are being investigated:

* digtance of probe from cledding sample - should 1t vary with
profile?

* anglea of probe in ralation to profile of cladding.

* angle of probe 1ln relation to plane of cladding.

Undar .laboratery conditions the same limitations apply aa for the
conventional method. However, the intensity method can be usad
in-epitu, .

3.1.4 fnpulse tachniques

An impulse measurement technligua to determine tha abscrption of
factory roofs was describad by Orlowski [11] as follows. A short
sound pulge R, {t), tha half-eycle of a gines wWave at an eguivalent
fraguancy of 200H=, is radiated from a highly directional 3.3m
column speaker, The rasultant impulnas response Ral(t) im then
racordad with & microphone at variocus distances from tha sourca,
corragponding to different angles of sound incidence with the
roof. Thae racorded signsl is electroricelly gated to isclate the
reflection from the rcof., The ratic of Tthe reflectoad and direct
componants (the latter having been corractad to corresspond to the
distance travelled by the reflected pulss asssuming spharical
divergence from the loudspesaker)} gives the retlection coefficient,
and hance the absorption coafficient at a particular angle of
incidencs. -

. l{f) = 1 - Ra(Z) (6}

. R;(fb

pifficulties with this method are imoclation of the direct and
reflected impulses and <cholice of sampling time of the reflected
impulse, The former is overcome by using a shorter impulse.
However, the latter presents a problem with panel absorbers {much
as cladding), bacsuse panal rescnances ara excitaed, These mnay
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result 1in a Jlonger reflected impulse than the incident impulsa,
and tha dacaving raflected impulse may bacome indiatiguishable
from electric noima in the eleactronic detaction circultry. In
addition, it is has been found dirfficult to achleve high accuracy
for’ low absorption values and the apparatus has practical
limitations. Howaver, this technique provides an in-asitu methoa
for measuring abscorpticn as a function of angle.

,1.5 Phasea gradient measuremants

A phase gradiant method desribed by Leguls and Nicolas [13] to
meapure the normal specific impedenca of perous matarialg at low
fregquencies, 1involves measuring the phase gradient as a function
of distance normal to the material and passing through the mourcs,
uaing a dual mierophona prabae. The mathod ragquires a ninimum of
instrumsntation, provided 1its precision is aufficient to measure
small phaase differences between the microphonesn. Low fraquency
ground impedence measuremants dewn te 30 Hz have been reportead.
paigle and Strinson (13] describes a similar technigue, atresaing
the affecte of extraneous reflactlions, and the importance of
making the measureaments in the absense of reflectiona. Thisa may
1imit the use of the technique for cladding materials, but this
mathod 1ls being inveatigated further.

.0 Summary

With the advant of greater variety of cladding materials being
used in the construction of ¢commarcial and industrial buildings,
there 1is a need for mathods to measure thelyr acoustic proportiea
for thae use by architects and building designers,

In order to predict the internal scund fleld of diaproportionata
buildings, the absorption coefficlant of its constructional
materiales and information as to tha variation of absorption with
angla of incidence are reagquired. The different techniqQues for
measuring the absorption of cliaddings are pummerised in table in
figure A4.0, It is hoped that aventually one method will emerge as
giving values of sufficlent accuracy for use in the new prediction
methods being developed.
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Summary of characteristics of lightweight sheet and composite panel claddings

Eteel Profiled Aluminium Profiled

Lk Sheet Sheet Fibre Cement PC GRP GRC
Textﬁre E Grained or smooth Self textured Smooth Textured
T : . or smooth 1
Colour Large range including brighter Limited range, Normally Madium Cement colour
' ’olours generally dark translucent range of
i colours colour
i pigments
Profiles b Rounded or sharp Rounded Rounded Large Shaped panels)
i variety of are
| profiles recommended
[ possible in single
: skin
! construction
Finish Needs applied Applied finish Natural No finish Pigmented Natural
ot finish ‘to not necessary finish necessary resins.Gel finish, or
resist {but coating coat resins applied
corrosion usually applied protect permeable
: to increase glass fibre finishes
i durability and reinforce- wuszed to
b reduce glare) ment allow GRCto
! breathe
Strength Good tensile Greater acceptable  Bending Less tolerant High Tensile &
and strength & deflection than strength of deflection ftensile impact
stability { impact asbestos or steel. varies than metal strength strength
resistance Less resistant to with profile, sheeting but low reduce with
soft impact than Impact modulus of age
steel strength elasticlicy.
reduces with Panels need
age stiffening

FIGURE 2.0{a)
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" TABL.., 1b,

iSummary of -characteristics of lightweight sheet and composite panel claddings {cont'd)

Steel Profiled

Aluminium Proiiied

! Sheet sheet 'FPibre Cement PVC GRP GRC
Slze:' Preferred max Max length Max length Méx length
i length 13 m 3.05 m.Max 10 m.Max 4-6 m.Max
depending on width 1.2 nm width 1 m width 2 m
profile,Max : .
width 1 m - !
Compar- No reaction Needs to be isolated No reaction Compatible No reaction Check with
ability from some building with cement with metal with other manufact-
materials,eq,steel concrete or profiled materials urers on
cladding rails plaster(but sheeting (but glass compatib-
and cement check about fibreneeds  ility with
’ aluminium protection)  aluminium

Composite Generally only avallable faced with profiled
claddings steel or aluminium

Sealed units
& twinwalled
system

Double skin/sandwich
construction panels
available in both GRP

. and GRC
Types of Polystyrene, polyurethane Insitu only Polystyrene Polystyrene
insuktion honeycomb, mineral wool cores . rigid sheet or
core’ or poly- polyurethane
. styrene foam
Fire, No fire resistance without fire- Non- Mo fire Fire- Non-
resistant lining combustihle resistance retardent combustible
additives ;
required

FIGURE 2.0 (b)
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TABLE 1c. Summary of characteristics of lightweight sheet and composite panel claddings (copt'd)
Steel Profiled Aluminium Profiled
Sheet Sheet Fibre Cement PVC GRP GRC
Acoustic [Maximum SRI of steel profiled sheets is 2845, less Single skin GRC gives an
charac- for aluminium. Maximum SRI of composite panels is average SRI of 30dm,
teristics|[41dB. Increase in profile height gives a small

increase in 5RI.

Increase in profile depth gives increase in
absorption especially at rescnance. Absorption
of profiled sheets is better at low frequenciecs
than of flat sheets.

Sandwich panels give
greater acoustic
performance

Costs

Fibre cement tends ta be cheaper than
aluminium. Finishes and supporting
structure will effect cost.

Composite panels (depending on
profile) are more expensive.

GRP most expensive material, but
lightweight panels reduce the cost of
the supporting structures,

FIGURE 2.0{c)
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Figure 2.1.2 Liner trays in steel of
aluminium support insulation in cavity.

insitu insulation

e b

leamed insulation ¢ore

s

loamed insulation core

SN Sn. U SN UV A WY AR
H UM DU AR

Figure 2.1.1 Variety of
cladding profiles.

Figure 2.2.1 Alternate methods of
insulating profiled cladding.
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Figure 3.1.1 Mounting of clac‘lqu sample in

transmission suite,

Trigger . Furctien

Impulse [~ Gereration |—  FPower Z )
Generator 33004 - Amplifier _-l

L &

FFT-Pracesser| ' Gating Device

—

or on
Andlyzer 20331 . |off ¢t
. h Iz

Figure 3.1.2 Block diagram of apparatus
used in the Wavetube impulse method, as
used by Ding Yong-Sheng.
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TABLE 2.

Summary of methods for measuring the absorption co-efficient

for the prediction of sound propagation in factorles.

of claddings

Frequency
Range (Hz) Advantages Disadvantages
Rave}beratlon Room 100 - BX . Recognised standard method. . Large facilities needed
' . Easy to perform. and boundary conditions
limited.
Diffuse sound field.
Random incidence only.
Impedance Tube 50 - 500 . Puick comparative method. . Smal]l size of sample.
Mounting restrictions could . Hormal incidence only,
he overcome. :
Intensity Probe 125 -~ 5K Measurements can be made . Technique still under
insitu. investigation.
. Potential for providing very
gimple method of measurement.
potential for providing
angular information, but risk
, of specular reflection.
Impuise Method 63 - BK Provides angular information. . Difficult te achieve high
- Measurement can be made accuracy at low absorption.
insitu. limitations to
practicability of apparatus,
Phase gradient 0 - 1K . Normal incidence only.

method

. Cannot be measured insitu,

. Effects of reflections,

FIGURE 4.0
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THE USE OF CEPSTRAL ANALYSIS FOR PITCH CONTOURS k¥ SPEECH

Matthew K. Ling

Dept of Applled Acoustics, University of Salford, SALFORD M3 dWT

INTRODUCTION

Fundamental pitch (Ty), is a basic parameter of a speech signal and is
present only i{n voiced segments. Velced sounds are produced by the periodic
vibration of the vocal folds. filtered by the vocal tract. Unvolced speech
i{s produced by turbulent bursts of air, which appears as shaped white noise.

The pitch extractor should in the first instance be capable of making the
volced-voiceless distinction. Thiz can be particularly difficult where

voicing is weak, or where frication masks volcling; for example in vaoiced
fricatlves,

It is desirable to produce a pitch extractor that is able to obtain the pitch

information of a wvolced speech signal gquickly and efficlently, with
volced-unvoliced discrimination.

Bogert described the principles of cepstral analysis in 1959, and used it for
investigation of echoes kn selsmic signals. Tukey and Bogert [1] published
the findings of their research; but it was Noll [2, 3], who first put forward
the application of short term cepstra for fiundamental pltch extraction. His
cepstrum pitch detection algorithm was the first short term analysis that
proved realisable by computer.

THEORY

The voiced speech signal can be consldered to be built up of two components;
{i) the periodicity due to the glottal pulse traln, and (i1) the vocal tract
transfer function. It {5 posslble to treat these processes as linear and
independent. The ocutput speech signal is the coavolution of (i) and (11).

The power spectrum of a voiced speech segment exhibits a low frequency
periodicity due to the vocal tract, and a high frequency periodicity due to
the vocal source. (This gives the effect ot a high frequency ripple
superimposed upon a low frequency variation.)

Takiﬁg the Fourler Transform of the logarithm of the power apectrum separates
the wvocal tract and vocal source effects. The cepstrum will show low
‘quefrency' valuea due to the vogal tract, and & high 'quefrency' value due

to the vocal source. This high quefrency peak corresponds to the fundamental
pltch, Tx. -

If x{n) represents the output speech signal from fhe lipa, ﬁ(n) the tranafer
function of the vocal tract, and s(n) the glottal pulse train from the vocal
source. then;

x(n) = p(n)*s(n} {1}
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This la the convolution of the two respective functlions In the time domain.
The Cepstral analysis technlque separates the two functions as follows:

Taking the Fourler tranaform of (1) gives:
X{w) = Pluw). S(w) (2)

where X{w), P(w) and S{w), are the fourler transforas of x{n}. pln) and s(n)
respectively. -

Taking modulus and squacing equation ([2).

IX(w)|? = (Plu)|® + IS{w)]® (3}

~~

Taking logarlithms converts this product to a sumf
Log |X(w)|? = Log |P{w}|" + Log |S{w)]? (4)

This is the logarithmic power spectrum. WNow, taking the Fourier Transform of
{4) gives the spectrua of the power spectrum which is deflned as the Cepstrum

Cir) = F.T.{Log |X(w){®} (3)
Normally 10Log {C{v)} ls plotted against quefrency.
PROCESSING SPEECH

As speech Is- continually changing, it needs to be processed in sample
segments that are large encugh to yield useful information about their pitch,
but not so large that the pltch changes appreciably within a segment; as this
will cause wider, less precise peaks. Also the Fast Pourfer Transform
algovithm used, (a radix<2 method [7]), requlres the number of samples to be
an Integer power of 2. The chosen segment size was 512, corresponding to
51.2 milllseconds, for a sample rate of 10kHz. This glves an acceptable
comprowlse between resolution, accuracy and speed.

The requlred segmentation is achleved by amultiplylng the time signal by a
Hamming window "of length 512. This also limits the amount of spectrus
leakage. '

The Cepstrum algorithm used in fig 1 13 based upon Noll 1967 {3]. Removing
d.c. blas before the PFT 1s hecessarysto prevent a large peak ocgurring at
zero on the spectrus and cepstrum; which can overshadow the remaining
information.

The apectrum can be processed to ensure that the formant effects do not
distort the cepstrus ln the vicinity of the volcing spike. The three most
useful methods .for this are Inverse Piltering [7). Spectruz Flattenlng (7].
and Centre-Glipping (9].

The fundamental frequency for an average nale speaker is 60-400Hz [5]. The
cepstrum la therefore 'liftered' between quefrencies of 2.5 and 15ms3; which
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removes the quefrency vacal tract formants.

A peak plcking algorithm is implemented, with a check for pltch doubling
which relies on a past knowledge of pltch values.

The window 13 shifted by 20ms (approx 50% overlap) between cepstra, and a
voiced-unveiced declsion nade. This s based upon zero-crossing [6] end
relies on unvolced speech being similar to white noise: which has a large
nuaber of zero-crossings compared with voiged speech. An alternative methad
of volcing decislon is that of considering the power within a speech segment
(5]. The power in an unvoiced apeech segment is much less than that within a
voiced speech sample. An energy threshold can thus be set, and the volcing
determined, (In both these methods the threshold can be altered to allow
weakly voliced speech segments to be analysed.)

Dnce'the whole speech sample has been scanned, a pitch contour can be plotted
of fundamental frequency vs time. Any involced segments will be zeroed.

The program which has been developed was tested using a synthetic test signal
[10] of the phoneme /i/; which had a gradvally increasing pitch. The results
of this test are shown in fig 2.
CONCLUSIONS
The cepstral analysis technique is an effective method of fundamental pitch
extraction. It provides an accurate estimation for the piteh period of a
voiced speech segment, and enables a pltch contour to be obtained.
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