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1. INTRODUCTION

Profiled metal cladding is an increasingly crown
prevalent feature of modern industrial b,
buildings,  Such materials have a good gqouge
structural and thermal performance in relation
to cost. However, their acoustic characteristics
are often poor [1). The sound reduction of
single-skin cladding can be estimated using . . ;
established “global” theories, such as that b

developed by Heekl [2,3]. However, previous
waork by the authors [4-8] has shown that large
“dips® (of up to 10dB in magnitude) occur at
mid-band frequencies. The occurrence of
these depressions varies systematically as the
parameters of the cladding "profile” (fig.1) are
changed by relatively small amounts; ¢.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,
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specific vibrational modes (fig 3} which may be g Variagin .

accurately predicted by use of Finite Element Figure T t Variation in the Sgund Rcducno? lnde_x (SRI) of
symmetrically profiled cladding as depth is varicd, Other

Analysis (FEA) [5-8]. The wavelength is small | s
in relation to thosc on an unprofiled (isotropic) parameters are constant (0.65mm steel, pitck = 25¢mm),

plate such that the radiation efficiency is

eohanced. However, the process of “selection” by which certain modes result in "dips” and others do not is. the
acoustic excitation, which can be evalvated using a combination 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 urable to
account for these "localised” cffects. ‘

Use of approaches such as FEA and BEM is not likely fo cncourage common usage of predictive techniques,
especially where they may be most useful in manufacturing industry. Even if these techniques were programmed
to allow for uncomplicated input, they would still be extremedy slow. Accordingly, it is the purpose of this paper
to discuss the feasibifity of employing very simplistic, empirical models which are quick and usce-friendly. It
is demonstrated that very clementary theory can be employed 1o produce surprisingly accurate results.
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Figure 3 : Modeshapes on symmetrically profiled cladding {not to scale).

2. PREDICTION OF MODEFREQUENCIES

It has been demonstrated that one ¢an reduce the level of complexity of the FE analysis to an idealised two-
dimensional modcl which imitates an infinite” cross-section of the cladding [5-7). This produces an
exceptionally good approximation of the actual mode frequencics and shapes (fig3). 1t is also clear from
examining measurements that only certain modeshapes consistently correspond to a "dip” in the sound reduction
of particular profiles [5,6). However, it becomes apparent that intuitively similar mades will occur on most
different profilcs : c.g. in fig.4 the modeshape is not exactly the same but it does retain the characteristic of
three “cells” on the crown and onc “cell" on the web. The frequency at which these modes are measurcd 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 of the modeshapes concerned.

Figore 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 the
possibility of using elementary bar theory lo predict given modeshapes. The well-known solution for natural
mode frequencies of a simple beam pivoted at both ends can be written as :

gaMnt| E )
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where o is an inleger representing the mode number, t is the material thickness, » density and E Young's
modulus. One can now regard the profile crown, web and valley as independent simple beams of length L, such
that n represents the number of "cells”. Thus, eqn.(1) implies that the modefrequency is proportional to the
melal gauge. This can easily be validated considering the data above.

By applying eqn.(1) to each flat section of profile, one calculates a different
Irequency for each length. Some relationship must then be assumed between the
resulis to form an overall natural frequency for the composite model.  Simply
averaging the frequencics associated with the crown, webs and valicy 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
is apparent from fig.4 that the bends in the steel sheet (i.c. the point at which the
simple beam is assumed (o be pivoted) more often correspond 1o significant
displacements. Nevertheless, this approach suggests a more versatile empirical  piayre § ; Interpretationof
mcthod by simiply allowing the modenumber b to take any real value {neR). This  ~a) modenumber”, o,
might even be interpreted physically as in fig 5.

By modelling a full range of trapezoidal profile shapes with 23 FEA, the frequencies of any characteristic
modeshape ¢an be cotered into eqn.(1) which is thea solved to yield n. Assuming the ratio of profilc lengths
is the same as the ratio of the number of "cells” on each section (i.e. n, /L, = n,, /L, = n, /L, where the
subscripts ¢w,v represent the crown, web and valley respectively) all modenumbers may be determined.
Accordingly, one can produce a curve for each characteristic modeshape; e.g. fig.6. This provides the basis for
the proposed empirical method which may be summarised in four steps :

(7] calculate crown/web length ratio L, /L,

(ip read crown modenumber n, from corve for each modeshape,

({ii)  calculate modenumbers n, and n, from assumption that n, /L. = n_ /L, = n, /L,

(iv) eqn.(1) implies that the average modefrequency may be calculated from :

2 2
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One should note that the modefrequency is now dependant on the crown length and modenumber only, which
is a result of the assumption that n, /L. = n,, /L, = n, /L,. This suggests that the method should be strictly

limited to the range of L_ /L., tested.
e
/ curve fit :
¥ = 028 « DAIX® 4 Q16BX + 11

Pt

Figure 6 : empirical curve for calculating
real modcoumber for characteristic
"mode B (above). Valid only over
L, /L, range shown,

y = real modenumber, n
n

1 2. 3
xe L /L,
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Use of fig.6 and egn.(2) will produce an extremcly good approximation to the modefrequency of mode B
calculated by 2D FEA. However, because this approach is two-dimensional, the actual (measured)
modefrequency is generally overestimated. Therefore, the empirical equation for o, is corrected by comparison
to measurements {of SRI or vibration on parts of the cladding surface). Five modeshapes are fourd which will
always be associated with dips in sound reduction. The final (corrected) equations derived from the graphs (e.g.
fig.6} are given below. Equations for modes A-C are valid over 0.5 £ L, /L, < 3.0, modes D and E over 1.5

-0289x + 02782" - 1.044x% + 1.645x - 0.178 (k)]

o
]

" mode B n,_ = ~0121x + 0.503x% + 0.157x + 1.044 )

»_ mode C n e -0319x% + 2572z - 7.459x% + 9.773x - 1798 (5)

= mode D n,_ = 308x* - 19.12% + 403x - 243 (6)

= mode E «1.35x% + 119x - 39322 + $79x - 271 (¢)]

3. PREDICTION OF SOUND REDUCTION

Now that one is able to predict 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 SRI should be
made. By comparison to a large set of measurements [4] it becomes apparent that it is possible to employ one
of Heckl's formulae [2] with 5B added to provide a curve from which the “dips™ can be deducted. This should
be caleulated in 1:3 octave bands (fig.7). Below the Jower critical frequency of the panel f, the SRI should be
calculated by assuming a constant 2.5dB/occiave decay :

40
2
SRI = —plf—'%(lnﬂ ©SdB  f2],
e “ ®
30t SRI - - 2.5 dBfoctave I=<f,
where o is the surface mass
(kgm'z) of the pancl; f, is
g 20f 4 calculated using the bending
- stiffness across the profiled cross-
section; ¢.f. [4,3 or 5]
> &—= measured SRI
0 o - -0 eqn(8) 1
r w— ——% Hackl [2]
Figure 7 : initial prediction of SRI prior 1o
o subtracting “dips” at predicted modes A-E.
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Eqn.(8) works well for all of the measured single-skin panels. It is now required to deduct “dips” from this
response.  Scveral methods have been described by which the relative strength of different vibrational modes
can be evaluated. One could use the Boundary Element Methad on FE data. This would clearly be extremely
tedious and require expert usage. A simpler method is to undertake modal analysis; but this would still be
bascd on FE data. Conscquently, it is proposed to use a regressive error reduction on the existing SRI
characteristics {4] and associate this with identifiable physical properties of the profile cross-section (eg.
stiffness, length ratio, etc). As such, one can plot the curves shown in fig.7 for all different profiles, noting the
magnitude and bandwidth of each “dip”. This yields five equations for the “dip magnitude” A of modes A-E
which can be expressed purely as functions of the metal gauge t (in millimetres) and the length ratio ¢ :

mode A : A, = 345( - 09 dB mode B : Ay =294 « 3741 - 305 4B
B,,=24,/3 By, = 8502
Boa =403 ®) Bpa = 8yl4 (10)
A= A,06

mode C : Ao = 281{ - 615¢ + 473 4B mode D : Ap =2130 « 7.13r - 274 4B
Ap, = A4 Ap, = 4,[2
A, =A.)2 a1 Apn = Ay12 a2)

mode E : a,= -0864( + 3,09 dB
By, = A2 where T = (L, +2L, .+ L)
Ap, = A 2 (13) profile pitch

& will be a positive number which should be
subtracted from eqn.(8) at the 1:3 oclave band which
includes the frequency calculated from eqns.(3)-(7)
and (2). Values of & should also be deducted in
bands conseculive to this, as shown in fig8: 4 p,,
represents the 1:3 octave band above the "dip”, 4 p, »
the band above this again, ete. It is clear that the
bandwidth of dips becomes narrower for higher order
modes. Where “dips™ overlap the & factors should
simply be summed.

Figure 8 : correction of cqn.(8) by eqn.(10).

Accordingly, a full empirical method has been described which may be used (o calculate the 1:3 octave band
Sound Reduction Index over the range 100-5000Hz for any trapezoidal profile as long as the ratio of crown
length to web length is within the range given. The equations provided link the acoustic characteristics to (he
physical properties of the profiled sheet.  For example, the length ratio ¢ is closely related 1o the bending
stiffness [4,5] and seems to be roughly in proportion to the magnitude of SRI 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 mcthod was based, agrcement with measurement is extremely good (figs.9,10).
The SRI response to changes in profile paramcters can be clearly seen (compare fig.11 to fig.2). However, the
acid test is to make comparison with commercially-avaitable profiles which were not a part of the initial sample
on which regressive error reduction was performed. In these cases (figs.12,13) the agreement is less perfect but
can be seen to be a vast improvement on existing methods.
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Figure 9 : empirical prediction (dotted) compared o Figure 10 : empirical prediction {dotted) compared to
SR1 measurcmen (solid) for symmetrical profile  SRI measurement (solid) for "decp” symmcirical
(t=0.65mm, L.~ L, =95mm, L, depth=35mm). profile (t=0.65mm, L= L, =95mm, L, depth=45mm).
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Figure 11 : empirical prediction of mcasurements shown in fig.2; parameter = profile depth; L, =L, =95mm,
t=0.65mm steel.
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Figure 12 : éomparison of predicied curve with commercial cladding (1 =0.55mm, pitch=200mm, depth=35mm,
L =38mm) not used in empirical sample.
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Figure 13 : éompa}ison of predicted curve with commercial cladding (1 = 0.55mm, pitch = 180mm, depth=32mm,

L =35mm) not used in empirical sample.
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The comparisons exhibited (figs.12,13) show that the suggested approach is able to pinpoint depressions in the
sound reduction performance of any trapezoidally profiled cladding. Major “dips* are highlighted within the
nearest 13 octave band. Thus, it can be said that empirical methods can be usefully employed in the prediction
of sound reduction of metal dadding. Further work at the University of Salford will refine this method and
ensure a wider availability 10 non-acousticians, particularly in the construction industry. It should also be
possible to produce much more accurate models by increasing the degree of analytica) approximation to existing
complex methods.

5. CONCLUSION

A detailed knowledge of the physical characteristics of metal cladding has been applicd to produce a simple
empirical prediction method for sound reduction. "Dips” in the SRI arc caused by certain characteristic
modeshapes, for which the frequency can be accurately predicted by development of simple bar theory. The
occurrence of these dips can be used to correct existing theory to attain a realistic prediction of the 1:3 octave
band sound reduction of any Lrapezoidal profile.
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