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I. INTRODUCTION

Previous research [1,2] has studied the sound
transmission through single-skin cladding systems in

detail. It was found that the sound reduction index (SKI)
of these systems is generally characterized by large

"dips" at mid-frequencies, and that these “dips” are
linked to distinct vibration modes whose shapes repeat
over each profile corrugation period. Based on these
findings, appropriate methods, both analytical and
empirical, have been developed to reliably predict the
sound reduction index of single-skin systems. However
single-skin materials are generally used only for m m M m ,m we
industrial and agricultural storage sheds or peripheral u oeuv- m new out
workshops where specifications are less strict. In the

great majority of cases industrial buildings are Figure l : The sound reduction of a double-skin
constructed fi'om more complex cladding systems cladding system and its constituent skins.
normally containing two layers of profiled metal sheet
with some form of cavity filling and structural fixings. Unfortunately the mid-frequency “dips” which
degrade the SR[ of single-skin cladding can also occur in double-skin cladding (see Figure l). Current
theories [3] on double-layer SR1 prediction are mainly for isotropic snuctures and cannot adequately account
for the orthotmpic nature and the existence of the mid-frequency “dips” of profiled cladding. Therefore one
need to extend the previous study to cover the prediction of the SKI of double-skin cladding constructions.

  

I]. PREDICTION OF DOUBLDSKIN CLADDING SR]

Without sound bridges between the two constituent sheets, and with sufiicient absorption in the cavity to
prevent air cavity resonances, the following engineering approximation provides a good prediction of the
ideal sound reduction of a double sheet construction [3], where Itl and R, are the individual skins' sound
reduction (with subscripts l and 2 corresponding to the liner and external sheets respectively). It the cavity

span and u=ux+u, the total surface mass of the skins,

R"'- 2010a...” - 47 «a. M y.

R~,=R,oR,~20|oa..Id-za 18.151“, (1)

R~I=R,~R,va «a. In,
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The mass-air-mass resonance f, and limiting frequency fL are given by

1 1.50“:2 (ulna) c
r = —— —— d r = _ (2)° 2!! ulna ' an ‘ 2nd

 

A .- unnan an-Jlll :fl'llml’ol
The empirical correction of 1.8 in equation (2) _ mmflflm,
was suggested by Refs. [45]. Equation (I) can be r.../m
applied to both isotropic and onhotropic sheets. WWHum-u:
However, the assumption of no sound bridging is
rather unrealistic for cladding systems. Figure 2
shows the five most common type of cladding WW.
system constructions and Figure 3 shows theW
typical fixing method of standard double-skin
cladding systems. The cladding is usually affixed c .- eo-panI-jbr m..."- build-v
by screws to the structural building frame or
purlinsr In the most common constructions Z- -/ //// / ,/////// ////’/’ 1/M4; // '
spacer rails are fastened through the liner panel to
the purlin and the external sheet is then aflixed to
the rail. The rail spacing is universally within
l0% of 2m, as is the separation of purlins. TheW‘
Z-spacer fixing to the external sheet is usually
every 1 or 2 profile periods (about 300m). In 5 -' “Mum-"Wm"-
this case the link between the liner and the ,

ex” Shut be considered aspomt. However spacer rails are sometimes 2 ——77— J / /
replaced by other means of structural support
(9.8' systems C_D_E)_ 1113 span (dismnce Figure2:Diagrammatical representation of five common
between 1m" panel and “(m-ml sheet) is commercial double-skin cladding constructions,
typically in the range 60—100mm although
alternative systems can provide larger cavities. "In-fills" or “cavity insulation" are mostly formed from
glass or mineral wool.

- .- u-un enulfllfllun um 'eltp-loek' eemalll"Map

D .- Inelmy-nadl coupon»

With the presence of sound bridges, the calculation of sound
reduction becomes complicated. For isotropic planes, Sharp’s
method [3] can be used. For cladding systems. existing methods
need to be extended to cover the orthonopie nature of the systems.

Effect of Sound Bridges in Ortbotroplc Systems

Let WI, WW, and W, be respectively the incident sound power.
the radiated sound power without bridging, and the sound power
radiated by the action of the sound bridges alone. Then the sound
reduction R may be written, in terms ofthe no—bridging reduction
Riva- as

 

Figure 3 : Representation of the built-up
ot'a typical double-skin cladding system.
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up
R = R - L, . where L. = 10 tog1° (3)us

  

WNB is radiated from the forced response of the external sheet (plate subscript 2). Away from the critical
frequencies of the plate, w“ = ph'csuzz, where S is the area of the plate and uz is the root-mean-square
velocity ofthe plate Wa is radiated by the action ofthe sound bridges on the external sheet. The sound power
caused by a single sound bridge, Wm, is given by the sound power radiated by an orthotropic plate u: ‘-:.- a
point force excitation (point support) I6] , H“ = auca u l where ua is the velocity at the bridge and 0red I ’ red

is given by

    

_ a
m ' FAME: 5‘ 5:.

_ 2 xxu 4f 2
°,... - F n 1“ T“ f=.<f( 122 (4)

g 2 M. ;-
una ‘ F n {cl( f

where t}, and £2 are the plate's lower and upper critical frequencies"; antic; are their corresponding
wavelengths, and n is the loss factor of the plate. If there are m such sound bridges, then WB = me
(incoherent), and

"I "I 2[allzll
where SEES/m is the sheet area per sound bridge. The ratio between u and u is obtained from a
consideration ofthe impedance at the two ends ofthe bridT,

 

u _ Z“a_ _ — (6)
|‘ll 2!] ‘ 252

where ZIal and Z," are respectively the orthotropic point impedance ofthe liner and external sheets l6I,

2:1:
  

, where 1' =1.2 (7)

The ratio between ul and u! can be obtained from a consideration of the difoSe field acoustic transmission
in the absence ofthe sound bridges. With ZI being the diffuse field impedance ofthe external sheet, and Zr
that ofthe air cavity, then u1 ~ 22 . ' '

UT ‘ Z

In the case of an ortholropic plate the impedance Z, does not follow the mass law once the frequency is close
to or higher than the lower critical frequency f“. For profiled metal cladding sheets, fl. is usually around 200
- 300 Hz. Furthermore the impedance will also be affected by the "local" profile resonances which are
responsible for the sound reduction "dips".Hence the mass law cannot be used here. Instead, one note that
the equation for the sound reduction ofa flat but orthotropie plate can be generally written as
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coae

2;)”:
new) = 10 maul1 ' (8)

 

where 9 and dt are the elevation (from z-axis) and azimuth angles ofthe incident plane wave. Assuming that
this equation may also be used to approximate the relationship between the diffuse field sound reduction R,
and the diffuse field impedance Lb so that

i .
Zz=29'c(10" -1] (9)

Hence

u b

—‘ = 2 1o" - 1 a
"2 (10)

ad
wherefl=— for r<rL, and B=1 [or f>EL

a

High density in-fills at'high frequencies can also provide additional sound reduction through the insulation.
This sound reduction, TLh, can be estimated using mandard transfer matrix method for fibrous materials
with rigid frames [7]. The total sound reduction through the double-sheet cladding system is therefore,

 

R = R" - 10 log“I 5 Z
n n a:

 

ng _21 ‘ 0,... +E[z[2(101n _ “311‘, “m (11)

Composites

For composite panels the core is usually "rigid" enough to form a direct mechanical link. The sound reduction
resembles that ofa double-sheet system with a high stiffness cavity [8]. Equation (1) can still be used to
estimate R“, but withthe mass-cavity—mass resonant frequency in and limiting frequency fL calculated by

(12)

 

= ceorarL Tm ( )

where Em and cm are the Young's modulus and speed of sound ofthe eore's material.

With equation (l2) the frequency fo usually occurs at mid-frequencies (lk to 2k Hz). A "dip" in the sound
reduction will occur at this frequency. The "dip" magnitude depends on the loss factor. As yet we have no
reliable theoretical means of predicting this magnitude An empirical correction of IOdB seems adequate but
further work may be required to refine this prediction ofthe "dip" magnitude.
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Summary of theory

The theory described above predicts the sill ofa double-skin construction based on the SR] ofthe constituent
orthotropio skins. The constituent SR1 can either be measured or predicted. When combined with the single—
skin prediction procedure described in an earlier paper [2], this theory provides a completely predictive
procedure for determining the SR1 ofdouble-skin profiled metal cladding systems.

III. RESULTS

In
Figure 4 shows a comparison between predictions using
the above theory with the SRI data measured on a
commercial double-skin system with different in-fill
density. The "Complete Prediction" is compared with that
using measured single-skin SR] data ("Predicted from
measured SRI"). Both predictions show very good
accuracy throughout the frequency range of 200 to 5000 N
Hz. The "partial" prediction has only slightly better
accuracy than the "Complete Prediction" which serves to in
show the good accuracy ofthe single-skin SR! prediction.
It is of interest to note that the SR] of the cladding system
with the lower in-fill density shown in the figure has a
rather large “dip ' at 2000 Hz which is also evident in the

In

5.:

nu
an

!

m

 

SR1 of one of the constituent skins. This "dip" has also g
been successfully predicted. Note that the magnitude of s "’
the "dip" at 2000 Hz was reduced by the higher density
insulation. in    

 

The effect of using a structural liner tray (type E in Fig.2) n
rather than the standard purlin support is shown in Figure
5. Only the Complete Prediction is shown together with I t ‘
measurement in this figure. Again the prediction shows 17'3"" 4 : SR] Pfe'j'c‘w" 0" ‘a dPub'e'SIfi“
excellent agreement with the measured data up to 2500 Pmfiledfne‘a] cladd'"g Sys'cm W'u‘ d'ffe'en‘ ""
Hz. At higher frequencies the prediction shows fl" dens'w'
significant deviation from the measurement. It is believed
that the profile depth ofthe liner tray is too deep for the assumptions made by the single-skin SRl prediction
to be valid at these high frequencies.

 

m m m m m um um mu am
in an... Frrqulwzy mu
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Figure 6 shows a comparison ofthe prediction on
a factory fabricated modular composite panels
(type D in Fig.2). The core material in both
panels is rigid FUR/FIR in-fill. Typical material
data for the core are used: Young's modulus =
5.0xl0‘N/m', density = 45 kg/m’. A strong sound
reduction "dip" can be’seen at the predicted
mass-cavity—mass resonant frequency. Again

agreement between prediction and measurement
is quite good in tire frequency range of 200 to ' I _
2500 Hz. Outside this frequency range the Frequency (Hz)
measured SRI is generally higher than predicted,
possibly because of the structural strength of the
encapsulated modular structure being not Figure 5 : Double-skin profiled steel cladding system with
accounted for by the theory. structural liner. 0.6mm thick external sheet

 

Overall the SR] of a total of 24 double-skin

cladding systems (l6 stande built-up units with
various insulation density and thickness

(Figure.l, type A), 4 units with "clip-lock"
standing seam profiled sheets (Figurel B), I site

assembled composite panel (Figure. I, type C), 2
modular composite panels (Figurel , type D), and
1 unit with structural liner tray (Figure.l, type
E)) were predicted and compared with measured
data. The overall root-mean—square error over the z
100 to 3150 1/3 octave frequency range was Frequency (Hz)
found to be 2.9 dB, while the root-mean-squarc
error on the standard weigtted index Rw [9| was
found to be 2.1 dB. The root-mean-square error Figure 6 : Modular composite panel. 50mm tltick rigid
may be considered as an approximate estimate of polyurethane foam in-fill.
the standard deviation of the predicted from the

measured values. These errors may be compared with the discrepancy found by an international round robin
test on the measured SRI of a double metal sheet sample involving l3 laboratories [10]. The discrepancy was
found to be more than 10 dB in the 1/3 octave bands from [00 to 3150 Hz, and by about 6 dB in the Rw (see
Figures 8.26 and 8,27 ofRef.[10|). The reproducibility was estimated to be 4.2 dB in Rw and almost 10 dB
on individual mid-frequency l/3 octave values (Figure 8.32 of Ref.[llJ]). It seems that the theory provides
a reliable method of predicting the SRI of common double-skin cladding systems.

 

IV. CONCLUSIONS

A theory has been developed which has been shown to provide accurate prediction ofthe SRI ofcommon
double-skin profiled metal cladding systems. The prediction was found to be most accurate on standard built-
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up systems(within fldB of the measured SR] values in the 200 to 3150 Hz 1/3 octave bands on all 16
standard built-up cladding systems), and least on systems with "clip-lock" standing seam profiles, mainly
because the single-skin prediction theory dees not cope very well with profiles with large depth but small
crown length. The error margin (root-mean-square error of2.1dB on Rw and 2.9dB on individual 1/? octave
frequency band SR1) should be acceptable for preliminary design purposes. The prediction methods has now
been implemented under a contract with the Metal Cladding and Roofing Manufacturers Association into
a user-friendly computer model which can be used for assessing double-skin metal cladding designs
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