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I. INTRODUCTION

Profiled metal cladding is an inueasingly
prevalent feature of modern industrial
building. Such materials have a good
structural and thermal performance in relation
to cost. However. their acoustic characteristics
are often poor [11 The sound reduction of
single~sltin cladding can be estimated using
established 'global" theories. such as that
developed by Heckl [2,3]. However. previous
work by the authors [*8] has shown that large
'dips' (of up to tOdB in magnitude) occur at
mid-hand frequencies. The occurrence of
these depressions varies systematically as the
parameters of the cladding 'profiie' (figJ) are
changed by relatively small amounts; e.g. fig.2.
Furthermore. when the profiles are
incorporated into more common double-leaf
structures, the dip in transmission loss remains
[1.4.5]. This poses a significant environmental
noise problem.

It has been shown that the “dips” are related to
specific vibrational modes (fig3) which may be
accurately predicted by use of Finite Element
Analysis (EA) [5-8]. The wavelength is small
in relation to those on an unprofiled (isotropic)
plate such that the radiation efficiency is
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Figure l : Definition of cladding profile parameters.
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Figure I: Variation in the Sound Reduction Index (SRI) of
symmetrically profiled cladding as depth is varied. Other
'parameters are constant (0.65mm steel, pitch = 750mm).

enhanced However. the process of 'selection‘ by which certain modes result in 'dips' and others do not '5 the
acoustic excitation. which canbe evaluated using acombination of FEA with modal analysis or the Boundary
Element Method (BEM) [8]. In any case, it is clear that global approaches fail because they are unable to
account for these "localised" effects.

Use of approaches such as FEA and BEM is not likely to encourage common usage of predictive techniques,
especiallywhere they may he most useful in manufacturing industry. Even if these techniques were programmed
to allow for uncomplicated input, they would still be enmrrtcly slow. Accordingly, it is the purpose ofthis paper
to discuss the feasibility of employing very simplistic, empirical models which are quick and user-friendly. It
is demonstrated that very clemeniary theorys'an be employed to produce surprisingly accurate results.
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Figure 3 : Modeshapes on symmetrically profiled cladding (not to scale).

1. PREDICTION OF MODEFREQUENCIES

It has been demonstrated that one can reduce the level of complexity of the FE analysis to an idealised two-

dintensional model which imitates an 'inl'mite' cross-section of the cladding [5-7]. This produces an

exceptionally good approximalion ol the actual mode frequencies and shapes (figs). It is aka dear from

examining measurements that only certain modeshapes consistently correspond to a 'dip' in the sound reduction

of particular profiles [5,61 However. it becomes apparent that intuitively similar modes will occur on most

dilferent profiles : eg in fly! the modeshape is not exauly the same but it does relain the characteristic of

three 'cells' on the crown and one 'cell' on the web. The frequency at which these modes are measured is

always that of a dip in sound reduction. This suggests that one can predict the frequency at which SRI 'dips'

occur by determining each ol’ the modeshapes concerned.

  

Flgure 4 : a "similar"

- modeshape occurring on
various profiles.

The use of simple beam elements in the two-dimensional FE analysis might lead one to contemplate Ihe

possibility of using elementary bar theory to predict given modeshapes. The well-known solution [or natural

mode frequencies of a simple beam pivoted at both ends can be written as :

n‘m E (1)
fl...—

2].2
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where nis an integer representing the mode number. I is the material thickness. a density and E Young's
modulus. One can now regard the profile crown1 web and valley as independent simple beams of length L such
that n represan the number of 'oells'. Thus, eqn.(1) implies that the modefrequency is proportional to the
metal gauge. This can easily be validated considering the data above.

By applying eqn.(l) to each flat section of profile, one calculates a different
frequency for each length, Some relationship must then be assumed betweenthe
results to form an overall natural frequency for the composite model. Simply
averap'ng the frequencies associated with the crown. webs and valley can actually
predict the 2D FEA result to within 1% in cases where the profile bends
correspond to vibrational nodes [5]. However, this is not normally the case. It
'5 apparent from ligA that the bends in the steel sheet (i.e. the point at which the
simple beam is assumed to be pivoted) more often correspond to significant
displacements. Nevertheless, this approach suggests a more versatile empirical “gm. 5 : Imerpremionof
method by simply allowing the modenumher n to take any real value (nsR). This fin] modcnumbu-_ “I
might even be interpreted physically as in figs.

 

By modelling a full range of trapezoidal profile shapes with 2D PEA, the frequencies of any characteristic
modeshape can be entered into eqn.(l) which is then solved to yield n. Assuming the ratio of profile lengths
is the same as the ratio of the number of 'oells' on each section (ite. nc ll.c = n. /l.,, a n‘, /Lv where the
subscripts c,w,v represent the crown, web and valley respectively) all modenumbets may be detenninedt
Accordingly, one can produce a curve for each characteristic modeshape; e.g. ftgfi. This provides the basis for
the proposed empirical method which may be summarised in four steps :
(I) calculate crown/web length ratio l.‘ /L, ,
(ll) read aown modenumber nc from curve for each modcshape,
(ill) calculate modcnumbers n. and nv from assumption that n‘ /L, = II, /l..w = nv /L, ,
(iv) eqn.(l) implies that the average modefrequency may be calculated from :

.21"
Li L’ Li 2 129 _2

I L:

1
cL-fli (z)

6 HP

   

One should note that the modefrequency is now dependant on the crown length and modenumbcr only. which
is a result of the assumption that n: /l..‘ = nu /l.‘, = In, /l~ . This suggests that the method should be strictly
limited to the range of Lt /L., tested.

 

Figure 6 : empirical curve for calculating E 2-
real modenumher for characteristic
“mode 3' (above). Valid only over
Lr [Lw range shown.
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Use of 1156 and eqn.(2) will produce an extremely good approximation to the modefrequeney of mode B

calculated by 2D PEA. However. because this approach is twodimensional. the launl (measured)
modefrequenqt is generally overestimated. Therefore. the empirical equation for ne '5 corrected by comparison

to measurements (of SR! or vibration on parts of the cladding surfaee). Five modeshapes are found which will
always be associated with dips in sound reduction The final (corrected) equations derived from the graphs (eg.

115.6) are given below. Equations for modes A-C are valid over 0.5 s I.‘ /L,, s 30. nodes D and E over 15

nglLeszs

  

mode A n - -01891‘ « 05mml — tomI o I345: - am (3)

' mode a n - -oltztx’ o 0503x' s 0.157: o 1.044 (t)

- 0.3l9x‘ 0 2.5723, —7‘45913 s 9.773: - 1.798   _modeC   (5)

   
    

    

 

  
   

' mode D 3.08x’ -1911‘ o 40.3: - 26.3 (6)

    - __ made E - Lasx‘ o 11.91’ - 39.3:I o 57.9: - 21.1 (7)

3. PREDICTION OF SOUND REDUCTION

Now that one is able to prediet the frequency at which 'dips' occur in sound reduction. some means of

describing the "dip magnitude“ is required. However. this dictates that an initial estimate of SR] should be
made. By comparison to a large set of measurements [4] it becomes apparent that it is possible to employ one
of HecltI's formulae [2] with M8 added to provide a curve from which the 'dips' can be deducted. This should
be calculated in 1:3 octave bands (ligJ), Below the lower critical frequency of the panel frl the Ski should be
calculated by assuming a constant ZSdB/ouave deny :
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.°-"=I 111.no mu7(tnfd Still 12],,

SR! - -2.5 rid/octave [<f"
(8)

where u is the surface mass
(kgm'z) of the panel; fr1 is
calculated using the bending
stiffness across the profiled doss-
seetion; cl. [2,3 or 5].

Flgure 7 : initial prediction of SR] prior to
subtracting 'dips' at predicted modes A-E.  
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Eqn.(8) worls well for all of the measured single-skin panels. It is now required to dedun 'dips' from this
response. Several methods have been described by which the relative strength of dill'erent Vibrational modes
can be evaluated. One could use the Boundary Element Method on FE data. This would clearly be unremer
tedious and require expert usage. A simpler method is to undertake modal analysis; but this would still be
based on FE data. Consequently, it is proposed to use a regressive error reduction on the en'sting SR]
characteristim (4] and associate this with identifiable physical properties of the profile cross-section (e.g.
stillness, length ratio, etc). As such, one can plot the curves shown in fig] for all different profiles, noting the
magnitude and bandwidth of each ‘dip'. This yields five equations for the 'dip maytitude' A of modes A-E
which can be expressed purely as functions of the metal gauge t (in millimetres) and the length ratio ; :

MA: A‘ I145C -0.9d5 mudeB: Al-29AC 0 1741-305th

Ant ‘3 2‘4” Ant ' All:

A“: ' A413 (9) A551 ' As“ (10)
AA.) ' AA"

Mode C: Ac - 2.Bl( - 6.15! e 4.73 is made D: An 1: 2L3( ‘ 7.l3l - 274 dB

Ac-t ' Ac“ A9,, - an]:

a” . tic/2 (11) AM . AD” (,2)

me: Ala 41.864! *109 dB

Al-l ' ‘5” wk", ( .W
Ab, - A512 (13) profile pitch

A will be a positive number which should be
subtracted from eqn.(8) at the 1:3 ouave band which
includes the frequency calculated from eqns.(3)-(7)
and (2). Values of A should also be deducted in
bands consecutive to this, as shown in fig.8 : A B”
represents the 1:3 octave band above the "dip', A “,2
the band above this again, etc. It is clear that the
bandwidth of dips becomes narrower for higher order
modes. Where 'dips' overlap the A factors should
simply be summed.

 

thure ll : correction of cqn.(8) by eqn.(10),

Accordingly, a full empirical method has been described which may be used to calculate the 1:3 octave band
Sound Reduction Index Over the range 100-5000Hz [or any trapezoidal profile as long as the ratio of aown
length to web length is within the range given. The equations provided link the acoustic characteristics to the
physical properties of the profiled sheet. For example, the length ratio f is closely related to the bending
stiffness [4,5] and seems to be roughly in proponion to the magnitude of SR] dips.

4. USE OF EMPIRICAL METHOD

The empirical method described can be very easily programmed on a Personal Computer, Over the range of
cladding profiles on which the method was based, agreement with measurement is extremely good (figs.9,10).
The SRI response to changes in profile parameters can be clearly seen (compare figrll to fig.2). However, the
acid test is to make comparison With commercially-available profiles which were not a part of the initial sample
on which regressive error reduction was performed. In these cases (figuZJa) the agreement is less perfect but
can be seen to be a vast improvement on existing methods.
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Figure 9 : empirical prediuion (dotted) compared to Flynn lo : empirical prediction (dotted) compared to

SR] measuremenl (solid) for symmetrical profile SRl measurement (solid) [or 'deep' symmetrical

(l=0.65mm. L¢= k=95mm, L. depth=35mm)r profile (i=0.65lnrn. Lr=l~=95mrm I... deplh=45mm).
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Plane: ll : empirical prediction of measurements shown in 113.2; parameter a profile depth; L‘=k=95mm,

[-0.65mm steel.
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Figur! 12 : somparison oiprcdicled curve wilh commcrcial cladding (l=0t55mm, pitch=200mm, dcplh=35mm,
Lc=38mm) no! uscd in empirical sample‘
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Flgnr: 13 : compaiisan of predicted curve with commcrcial cladding (I = 0.55mm, pilch=130mm, dcpth= 32mm,
Lc=35rnm) not used in empirical samplt.
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The comparisons eithflzited (ftgs.12.13) show that the suggested approach is able to pinpoint depressions in the

sound reduuion performance of any trapezoidally profiled cladding. Major 'dips' are highlighted within the

nearest 1:3 octave band. Thus. it can be said that empirical methods can be usefully employed in the prediction

of sound reduction of metal cladding. Further work at the University of Salford will refine this method and

ensure a wider availability to non-acoustiu'ans. particularly in the construction industry. it should also be

possible to produce much more accurate modelsby inereasingthe degee of analytical approximation to existing

complex methods.

5. CONCLUSION

A detailed knowledge at the physical characteristiu of metal cladding has been applied to produce a simple

empirical prediction method for sound reduction. 'Dips' in the SR] are mused by cenain characteristic

modcshapes. for which the irequenq can be accurately predicted by development 01‘ simple bar theory. The

occurrence of these dips can be used to correct existing theory to attain a realistic prediction of the 1:3 octaw

band sound reduction of any trapezoidal profile.
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