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There are characteristics unique to natural materials such as timber that must be dealt with carefully to
develop successful sound insulation prediction models. Timber has low internal losses typical of low-
density building materials but with material properties that vary according to growth conditions. To
study these factors in cross laminated timber (CLT) products, orthotropic thin plate and isotropic thick
plate models are investigated. Equivalent elastic moduli are obtained using two methods from values
and limits provided in the timber standards and literature, or by the manufacturer. The equivalent moduli
are used to calculate the sound insulation of three- and five-layer CLT plates. Appropriate upper and
lower limits are calculated from the combined material parameters and compared with sound insulation
results measured in accredited laboratories for the first time. EN ISO 10140 test standards require that
surface density of the sample be documented in the laboratory; additional precision information such
as the fifth percentile of the material density is not required. However, considering the limits on the inter-
nal loss factors and elastic moduli only in the thin plate sound insulation model, gives a poor overall pre-
diction performance (23.6% within the upper and lower limits). In this paper we combine the limits on
elastic moduli, internal loss factors, and density. With these combined parameters the prediction is
improved; less than half of the measured sound insulation values fall within the upper and lower limits
of a typical thin plate model (44.0%). The single figure sound reduction index values are underestimated
in seven out of nine cases. The prediction is further improved when a thick plate model is considered.
There are several layers of complexity in the measurement and modelling conditions that must be care-
fully considered. The contributions from these compounding factors are discussed, and additional moduli
and density parameters are proposed for inclusion in the literature and standards.

� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction timber products are used, such as, enhanced prefabrication possibil-
The debate about whether we should grow building materials,
because of carbon sequestering potential, or modify building
manufacturing processes to lower environmental impact is ongo-
ing [1–3]. A pluralistic approach to solve environmental issues,
with sustainable wood products securing a share of the market is
the likely outcome. Timber is a low-density product when
compared with brick or concrete. This affords some advantages
in construction where cross-laminated timber (CLT)2 or other solid
ities [4–6]. Key building physics aspects to the adoption of sustain-
able timber as a principle building material are fire safety,
moisture transfer, and vibration and sound insulation performance.
The aim of this work is to assess the efficacy of infinite plate theory
to predict the airborne sound insulation (50–5000 Hz) of CLT panels
using equivalent elastic moduli. CLT is a common name ‘‘for sheets,
panels, posts and beams made of glued boards or planks layered
alternately at right-angles” [7]. Such products are usually symmetri-
cal through the cross-section and consist of an odd number of layers.
There are four main problems unique to solid timber panels, such as
CLT, that must be resolved to develop successful sound insulation
prediction models.

(1) The internal loss factors of wood products are low: in some
frequency bands, the radiation coupling losses may exceed the
internal loss factor. This is characteristic of many lightweight
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materials and, consequently, the internal loss factor of these mate-
rials is difficult to measure.

(2) Solid wood construction is a low-density building material,
particularly where softwood is the principal raw material. The
material is organic, and the density varies according to growth con-
ditions. The fifth percentile of the material density may provide a
measure of this variability [7], however this metric is not com-
monly expressed in the literature [8–10]. Density metrics to deter-
mine the mass loading are provided for structural safety. However,
the problem of defining the most appropriate density metrics for
application to acoustic modelling problems should be studied fur-
ther. The low density of timber also means that the critical fre-
quencies of radiating CLT panels fall within the building acoustic
range (50–5000 Hz). The critical frequency (fc) is the lowest fre-
quency for which there is phase matching of the bending wave
on the plate and the longitudinal wave in the air, resulting in high
radiation power losses to the air; this occurs at grazing incidence
(i.e., when the incoming or outgoing longitudinal wave is parallel
to the plate). As described in bullet point (1) the radiation coupling
losses may in fact exceed the internal loss factor and make the
internal loss factor difficult to measure. When the critical fre-
quency falls within the building acoustic range, the diffuse sound
insulation properties must be described by a combination of
energy transfer processes categorised as both lightweight (gov-
erned by the mass) and heavyweight (governed by the loss factor).
Thus, increasing the complexity of the modelling problem to be
considered. These categories are used to distinguish between par-
tition material types in the building acoustics standards [11–13].

(3) Timber is an orthotropic material; a natural material, the
elastic modulus varies according to growth conditions. The fifth
percentile of the elastic modulus in the direction parallel to the
grain is the parameter used to express this variation [9]. The way
in which the material is assembled in the panel has the side effect
of reducing orthotropy. Where some orthotropy remains, the char-
acteristic plot of diffuse sound insulation against the frequency has
two dips that can be attributed to the corresponding critical fre-
quencies (fc1 and fc2) in the orthogonal material directions (see
Fig. 1). If a panel has particularly different bending stiffnesses in
the orthogonal directions, such as the case with the material
depicted in Fig. 1, this also results in an extended region of poor
sound insulation between the two critical frequencies.
f f

Fig. 1. Calculated diffuse sound reduction index for an orthotropic material. (CLT
with elastic moduli Eeq,x = 7.4x108 Nm�2 and Eeq,y = 1.4x1010 Nm�2.) The calculated
critical frequencies are marked fc1 and fc2.

2

(4) The orthotropic behaviour of timber also includes low shear
moduli; this may mean a transition to thick plate behaviour within
the building acoustics range. The principal energy transfer pro-
cesses discussed thus far assume thin plate models; a transition
to a thick plate model introduces additional energy transfer
mechanisms.

Sound insulation calculations [14] are not as sensitive to
changes in the dynamic elastic modulus as static and dynamic fail-
ure applications [15,16]. Reducing the elastic moduli Ex and Ey by
50 % results in deviations in the single figure sound reduction index
(RW) of 0.0 dB to 2.0 dB. Deviations in third octave band insulation
of up to 4.3 dB (where f > fc2) are also observed and the first modal
frequency of the simply supported plates is shifted by one to two
third octave bands. Transition to a thick plate model within the fre-
quency range of interest (50–5000 Hz) is evidenced by a plateau in
sound insulation corresponding to the dispersion relation of the
bending wave; the dispersion relation relates the phase velocity
to frequency. The plateau observed in sound insulation of thick
concrete or masonry plates may be modelled with a frequency-
dependent modulus based on the dispersion relation of the bend-
ing wave [17,18]. However, the frequency-dependent modulus of
these materials is calculated using the assumption of an isotropic
plate material; in an orthotropic material such as CLT, the disper-
sion curves may plateau at different frequencies in different mate-
rial directions [19]. To model the effect in the orthotropic case, the
dynamic material properties can be adjusted in the calculation to
obtain a best fit with measured sound insulation data, thus obtain-
ing a frequency-dependent modulus. However, adopting a prag-
matic approach to adjust the material parameters can lead to
difficulties, particularly if the selected parameters do not fall
within a reasonable allowable range. Following this approach
may lead to incorrect assumptions about the validity of models
or limited success in the prediction of more complicated panel
designs, which include CLT layers.

This study investigates the feasibility of using measured mate-
rial parameters taken from the literature or, where possible, mea-
sured directly in the laboratory to predict the sound insulation of
nine different CLT plates. Infinite plate theory for orthotropic thin
and isotropic thick plates taken from the literature are used. The
plates are from five different manufacturers, consisting of either
three or five material layers. Section 2 gives a brief overview of
methods to determine the elastic moduli. Section 3 describes in
detail the methodologies implemented to calculate the elastic
moduli, the sound insulation, and the radiation coupling. Two
methods for calculating the equivalent modulus of elasticity are
evaluated. One method is selected as the most appropriate for
the in-depth study. The radiation coupling of the plate is required
to validate the loss factor measurements and is discussed further
below. The properties of the plate samples are described in detail
in section 4. This includes calculated equivalent plate moduli,
shear moduli, and typical densities of softwoods. The percentage
difference in equivalent modulus of elasticity calculated incorpo-
rating the fifth percentile of the elastic modulus in the direction
parallel to the grain is compared with the percentage difference
in equivalent modulus calculated using the gamma theory. The
first method is further explored for all plates also including the
maximum possible range of plate densities taken from the litera-
ture. The limitations of using the mass per unit area measured/
recorded in the lab to calculate the sound insulation are discussed
(specifically for plates 1, 3 and 6–9). Section 4 describes the mea-
surement procedures to determine the loss factor and the sound
insulation. The loss factor of plate 1 was measured while hanging
freely in the laboratory. The sound insulation of plate 1 is predicted
using this measured loss factor. The limits on this measurement
method are discussed and the sound insulation prediction based
on a literature value is provided for comparison. The internal loss
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factor is a key input parameter for the sound insulation models and
is also used to determine the modal overlap factor. The expected
standard deviation of velocity levels or coupling loss factors in
structure-borne applications can also be calculated from the modal
overlap factor. This provides an additional measure of the applica-
bility and appropriateness of different sound insulation calculation
models. The measured loss factor results of plate 1 were used to
determine modal overlap factors of all the plates [20]; low modal
densities can lead to prominent modes which dominate the sound
insulation. The sound insulation measurements of the nine plates
were measured in the various transmission suites of two different
acoustic laboratories. The results and conclusions are presented
and discussed in sections 5 and 6.
2. Brief overview of methods to determine the elastic moduli

Methods to obtain the elastic moduli of a panel include mea-
surements of static deflections, a variety of non-destructive test
methods, and material property calculations. Test methods can
vary in size and scope, ranging from small-sample testing of the
raw wood materials (e.g., Young’s moduli in tension, or compres-
sion, shear moduli, and Poisson’s ratio [10,21–24]) to large scale
beam or panel testing (e.g., ultrasonic testing [25] and modal test-
ing [26–28]). Measurements can take place under different envi-
ronmental conditions to quantify the effect of factors such as
moisture content, wood seasoning, shrinkage, or time dependency
(e.g., creep) [10,22,29]. These methods are useful not only to pro-
vide insights into material grading for strength, failure, and addi-
tional non-linear applications but also to assess the properties of
wood in applications where small linear deflections are relevant.
This includes subjective perception and human response to build-
ing vibration (e.g., whole-body vibration, periodicity of footfalls,
vibration induced rattle, annoyance, sleep disturbance etc. [30–
32]) or sound insulation [33]. Concurrent acoustic and vibroacous-
tic design of layered materials requires that the underlying rela-
tionship between low frequency vibroacoustic (f < 40 Hz)
material properties [31] and the high frequency acoustic
(f > 50 Hz) material properties [18] is defined. Rather than fitting
dynamic elastic moduli to align tentative models to measured data,
such as sound insulation performance, developing optimised direct
and flanking transmission models that incorporate calculated and
measured material properties are a preferred solution [33,34].

There are a variety of calculation methods to determine the
elastic moduli based on beam theories applied to the plate. Zhou
et al. [26] identify these primary techniques:

- The k-method makes use of a transformed cross section to
determine an equivalent elastic modulus [10].

- The shear analogy method is based on a moment of area calcu-
lation to determine the equivalent elastic and shear constants
[10]. This is like the gammamethod but with the correction fac-
tor set to one, c = 1.0. From these constants a frequency-
dependent apparent modulus of elasticity can be determined
[26]. The frequency-dependent modulus depends on loading
conditions.

- The gamma method applies correction factors (c) to the
moment of area calculation to account for shear deformation
of the layers [8].

These methods are all based on determining equivalent moduli,
which may involve the introduction of correction terms. The
approaches described have already proven successful in structural
applications involving CLT panels [15]. In previous studies, the cal-
culated values of the equivalent static elastic moduli would be
expected to deviate from the measured dynamic elastic modulus
3

by no more than Ex(+11 %, �13 %), Ey(+49 %, –33 %) (or up to
Ey(+60 %) [35], the large difference being attributed to defects such
as knots, ‘‘pitch pockets,” and irregular grain patterns)
[26,27,35,36]. Pitch pockets are cavities in the wood grain caused
by insects or an impact, which subsequently fill with resin.

There are several methods to manufacture solid wood panels
such as CLT. The type of wood used in the panel, moisture content,
workmanship, and assembly procedures such as edge bonding,
gaps (e.g. intentional due to lack of edge bonding [26] and uninten-
tional due to shrinkage [29] or delamination [27]), stress relief cuts
in the core layer, and the use of solid wood panels rather than
lamellas [26,27,35] can lead to different mechanical properties.
The moisture content of these finished wood products can also
vary, with 10–18 % a typical range for which the elastic moduli
are adjusted [29].
3. Methodology

The equivalent modulus of elasticity was determined for the
nine plates using two methods. The first method does not account
for the shear deformation of the core layer, and the second method
applies a simple correction to account for this effect. The data for
panels 2 to 9 was anonymised, and therefore panel wood types,
wood moisture content, workmanship, and assembly procedures
were not considered. Whether these additional factors, which can-
not be fully accounted in the methods described, could lead to dif-
ferences in the dynamic modulus of elasticity large enough to
significantly influence sound insulation is, in the light of previous
studies, unlikely [35,37,38]. The equivalent elastic moduli were
then used to calculate the sound insulation of the plate using
two models: an orthotropic thin plate model (see section 2.2)
and an isotropic thick plate model (see section 2.3). The study on
the input data was confined to simple infinite plate models so that
the effects of the input data could be clearly compared. In both
models and all plate cases, it was assumed that an infinite plate
would be sufficient to model the sound insulation. Maximum
and minimum limits of the models were calculated using the fifth
percentile of the elastic modulus (in the direction parallel to the
grain), the range of values of wood density, and the internal loss
factor provided by literature [39]. The models were compared with
sound insulation results measured in accredited laboratories. The
equivalent modulus of elasticity was also used to determine the
bending modes of the plates with the assumptions of free and sim-
ply supported boundary conditions in all third octave frequency
bands. Thus, the modal densities in each third octave band can
be computed and, together with the loss factor of the plate, can
be used to determine the modal overlap factors within each third
octave band. The number of modes and the modal overlap factors
can also be used to determine the expected standard deviation in
structure-borne applications within each third octave band. These
calculations are described further in section 4.1.3.

To correctly determine the sound insulation, the internal loss
factor of the plate is required in addition to the modulus of elastic-
ity. Therefore, the structural reverberation times of plate 1 were
measured and the internal loss factor of this plate was obtained.
These measured loss factors are compared with values provided
in the literature [39]. The internal loss factors of lightweight mate-
rials are high (ƞinternal � 0.01), and therefore the structural rever-
beration times are short and difficult to measure. The bending
wave on the plate is dispersive and thus radiates efficiently in
the region of the critical frequency. The internal loss factor may
therefore be obscured by radiation losses from the plate in the
region of the critical frequency [40]. The result is compared with
the calculated radiation loss factors (section 2.4 and appendices
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D, E, F and G for details) to examine the validity of the
measurement.
3.1. Equivalent modulus of elasticity

The methods to calculate the total bending stiffness of layered
panels, such as those presented in the introduction, make use of
an equivalent bending strain energy component [10] to determine
an equivalent homogenous material throughout the cross section.
While these calculations are commonly applied to beams, they
are also relevant for layered plates and can be divided into two
main approaches. The first approach is to transform the cross-
sectional area of the layers by increasing or decreasing the layer
width to an equivalent value. The k-method described in the intro-
duction is an example of such an approach. There are several rea-
sons why the k-method is difficult to apply to layered CLT plates:
not only is the layer width large in the case of a plate when com-
pared to a beam, but the method also requires the calculation of
equivalent shear moduli. Detailed in-plane and out-of-plane shear
moduli are not commonly provided for CLT plates, and therefore
this approach was not considered further. The second approach
is to sum the bending stiffnesses (B = EeqI) of the layers to reach
an equivalent modulus for the whole cross section. If the layers
of the CLT plates are assumed to be perfectly bonded with no
shearing between the layers or of the core material, the equivalent
modulus of elasticity of a layered plate is then given by [10]:

Eeq ¼ 2
I

Xn
i¼1

ELiIi ð1Þ

where I is the total second moment of area of the beam or plate, ELi
is the elastic modulus of layer i, and Ii is the moment of inertia of
each lamina given by parallel axis theorem. The layers, i, are num-
bered from the middle surface, and therefore n is half the number of
layers and the thickness of the first layer h1 is one half the thickness
of the middle layer.

Ii ¼ I0i þ hid
2
i ð2Þ

where I0i is the moment of inertia of layer i and di is the distance to
the neutral plane. The sound insulation is determined by substitut-
ing the equivalent moduli directly into the sound insulation models
as described in sections 2.2 to 2.4.

The equivalent modulus of elasticity would be expected to
decrease in the direction of the highest bending stiffness as the
corresponding aspect ratio, Ly/h or Lx/h, decreases [27]. Using a
similar approach but accounting, in this instance, for shear defor-
mation of the core layers, gamma theory is applied to panels with
three and five layers. In a similar way to mechanically jointed
beams that are symmetrical about the neutral plane, the equiva-
lent modulus is given by [8,15,16]:

Eeq;c ¼ Eeq þ DEeq;c

100
Eeq ¼ 2

I

Xn
i¼1

ELiðI0i þ cihid
2
i Þ ð3Þ

The factor, ci, must be modified to account for shear deflection
of bonded core layers rather than mechanical slippage. The modi-
fying factor described in appendix A has been applied in situations
with concentrated loadings where CLT panels are tested to failure
(for example [15]), and could be expected to present a worst case
scenario in acoustic problems. In the case of airborne sound insu-
lation measurements small deflections and linear elasticity are
assumed which are well within the extremes of panel failure
[41,42]. Additional factors such as panel assembly procedures
and connection methodologies could be included in the gamma
correction, however, the assembly methods must be clearly delin-
4

eated with the agreement of the manufacturers, therefore these
factors were not examined on a case-by-case basis for individual
panels at this time.

3.2. Orthotropic thin plate model of sound insulation

The orthotropic model is an infinite thin plate model integrated
over all angles of incidence (/; h) [41,42]:

s1;d ¼ 2
p

Z p=2

0

Z 1

0

d sin2 h
� �

d/

1þ Z cos h
2q0c0

��� ���2 ð4Þ

where s1,d is the diffuse incidence transmission coefficient, Z is the
surface impedance, q0 is the density of the gas (air), and c0 is the
speed of sound in the gas (air). The surface impedance of a thin
plate is provided in appendix B. The integral in Eq. (4) was calcu-
lated numerically using the iterated method of the MATLAB double
integral function and the sound insulation was calculated according
to:

Rorth ¼ �10log
1
s1;d

ð5Þ
3.3. Isotropic thick plate model of sound insulation

The isotropic thick plate model is implemented similarly to the
orthotropic thin plate model but with an isotropic bending stiff-
ness (see appendix B) and a correction to account for the thick
plate. The thick plate correction based on Ljunggren is given by
[43].

Rthick ¼ Riso � DRc ð6Þ
where Riso is the calculated isotropic thin plate sound insulation and
the correction term (DRc) is dependent on Eiso, h, q and m, the calcu-
lation is provided in appendix C. The estimate for the isotropic shear
constant was given by

Giso � Eiso

1þ mð Þ ð7Þ

where Eiso = 12(1-m2)Biso/h3 (see appendix B for a definition of Biso)
and Poisson’s ratio, m, is estimated to be 0.12. When compared with
the shear constants of raw material timber the isotropic shear con-
stant is overestimated (Giso > GTR| GLR| GLT [10]). The thin plate limit
can be calculated by [39]:

f BðthinÞ ¼
0:05cL;p

h
ð8Þ

where cL,p is the longitudinal phase velocity of the panel material
and h is the thickness of the panel. The isotropic longitudinal phase
velocity of the panel is estimated by

cL;p ¼ Eiso

q 1� m2ð Þ
� �ð1=2Þ

ð9Þ

where q is the density of the panel.

3.4. Estimating the radiation coupling

The radiation coupling of the plate can be estimated by the fol-
lowing equation [39]:

gij ¼
q0c0ri

xqs;i
ð10Þ

where x is the angular frequency, qs,i is the surface density of
the plate, and the radiation efficiency (ri) of an isotropic plate (i)
with various boundary conditions can be estimated for infinite,
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baffled finite, and unbaffled finite thin plates. A loss factor
(g = grad + gint) measured as described in section 4.1 will always
consist of the internal loss factor, gint, plus the radiation coupling,
grad. If radiation losses are comparable to the internal loss factor
(grad � gint) they will influence the measured result. For this rea-
son, the radiation losses for different plate boundary conditions
are estimated.

3.4.1. Finite baffled thin plate radiation
The radiation efficiency of a baffled plate with simply supported

and clamped edge conditions is given in appendix D. The radiation
efficiency is found to increase as the boundary conditions become
more constrained. The maximum value of this expression is given
by [44]:

rmax ¼

U
2plkS

ffiffiffiffiffiffiffiffiffi
l2�1

p ln lþ1
l�1

� �
þ 2l

l2�1

h i
4� 3l�8
h i

ðf < f cÞ

0:5� 0:15L1
L2

� � ffiffiffi
k

p ffiffiffiffiffi
L1

p ðf ¼ f cÞ
1ffiffiffiffiffiffiffiffiffi
1�l2

p ðf > f cÞ

8>>>><
>>>>:

ð11Þ

where the plate has clamped edges and perpendicular baffle condi-
tions. L1 is the smaller and L2 is the larger of the rectangular plate
dimensions, Lx and Ly, ¼

ffiffiffiffiffiffiffiffiffi
f c=f

p
, U is the plate perimeter, and S is

the plate area. The radiation efficiency for the frequency band that
contains the critical frequency in Eq. (11) can be calculated using
k = 2pfc/c0, where fc is the critical frequency of the plate (see appen-
dix G) and c0 is the speed of sound in air. The lowest radiation effi-
ciency is given by free boundary conditions. However, free
boundary conditions also imply a baffle-free plate and the radiation
efficiency of such plates is discussed further in section 2.4.2 below.
When substituted into Eq. (10) the radiation coupling loss factor gij
describes the radiation from one side of the plate only. In this case,
the loss factor must be multiplied by two to describe the total radi-
ation losses.

3.4.2. Finite unbaffled thin plate radiation (free boundary conditions)
Radiation from a plate with free boundary conditions is deter-

mined from the radiation interaction between line and point
sources at the edges of the plate. The radiation efficiency is there-
fore given by the following equation [45]:

rmin ¼ Fplate Fcornerrcorner þ Fedgeredge

� 	 ðf < f cÞ ð12Þ
where rcorner is the radiation efficiency of the plate corners (see
appendix E), redge, is the radiation efficiency of the plate edges
(see appendix E), Fplate, Fcorner and Fedge are correction factors due
to the interaction between the power flows on each side and around
the perimeter of the plate (see appendix F). This describes the radi-
Table 1
Calculated equivalent plate data.

Plate Manufacturer Eeq,x
(Nm�2)

Eeq,y
(Nm�2)

Gxy

(Nm�2

Eq. (1) Eq. (1)

1 A 3.232 � 109 9.168 � 109 26.2 �
2 B 1.997 � 109 1.303 � 1010 —
3 B 1.186 � 109 1.384 � 1010 —
4 B 2.440 � 109 1.259 � 1010 —
5 B 3.764 � 109 1.126 � 1010 —
6 C 1.043 � 109 1.398 � 1010 36.9 �
7 D 1.584 � 109 1.344 � 1010 —
8 D 4.601 � 109 1.042 � 1010 —
9 E 1.419 � 109 1.361 � 1010 —

2 Measured.
3 Provided by the manufacturer.
4 Two aspect ratios were used.
5 Mean and fifth percentile determined from four nominally identical plates.

5

ation from both sides of the plate and can be substituted directly
into Eq. (10) to give the total radiation coupling losses.

3.4.3. Infinite thin plate between the critical frequencies
An estimate for the frequency-average radiation efficiency for

one-third octave bands between the two critical frequencies of
the orthotropic plate is given by [42]:

rortho ¼ 1
p2

ffiffiffiffiffiffi
f c1
f c2

s
ln

4f
f c1

� �2

ð13Þ

where fc1 and fc2 are the critical frequencies in the orthogonal direc-
tions (see appendix G). When substituted into Eq. (10), the radiation
coupling loss factor gij describes the radiation from one side of the
plate only. Therefore, the loss factor must be multiplied by two to
describe the total radiation losses. This result is the lowest radiation
coupling of the three radiation efficiencies described
(rortho < rmin < rmax).

4. Sample descriptions

All panels were made from softwood and it is assumed that all
panel materials met strength class C24 requirements [9]. The
material of panel 1 had elastic stiffnesses surpassing the minimum
requirement, with elastic moduli in the parallel and perpendicular
directions to the grain of Ell = 12.0x109 Nm�2, and E\=4.0x108

Nm�2 respectively; these stiffnesses were provided by the manu-
facturer. The variability of the modulus was considered using the
fifth percentile of the elastic modulus in the direction parallel to
the grain for strength class C24. Panels 2 to 9 were assumed to
have elastic moduli equal to Douglas fir (12 % moisture content,
taken from the literature [10]), and therefore Ell = EL = 14.5x109

Nm�2, and E\=(ER + ET)/2=(0.96 + 0.09)/2 x109 Nm�2 = 5.25x108

Nm�2, where EL, ER, and ET are the stiffnesses of the timber in the
radial and tangential material directions of the log respectively.
Note that in Eurocode 5 [8], the elastic directions parallel (Ell)
and perpendicular (E\) to the grain are only considered, and there-
fore E\ is assumed to be the mean of the tangential and radial
material directions. The calculated equivalent plate data, assumed
values for Gxy, plate thicknesses, aspect ratios, and densities
recorded in the laboratory are listed in Table 1. Sound insulation
data for plate 9 were measured using two aspect ratios and both
are also listed in Table 1. The density and the shear modulus, Gxy

of plate 1 were measured in the laboratory. The quoted density
of plate 6 is the mean of four nominally identical plates and
includes the fifth percentile of whole panel measurements. (Note
that the fifth percentile of the material density, like the fifth per-
centile of the elastic modulus in the direction parallel to the grain
)
Thickness
(m)

Aspect ratios
(-)

Density
(kgm�3)

Lx/h Ly/h

108 0.080 52.3 36.1 438
0.072 50.4 41.0 —
0.094 38.6 31.4 479
0.128 28.4 23.0 —
0.158 23.0 18.7 —

108 0.090 29.7 44.1 5472 ± 8.6
0.140 30.2 37.4 464
0.120 43.7 35.3 470
0.100 436.3/52.4 429.5/42.3 480
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[9] can be much larger.) The shear modulus was measured from an
assessment of measured and calculated modes. The Gxy for plate 6
was provided by the manufacturer and was assumed, in the
absence of this data for the other plates (2 to 9), to be the same
for all other plates when calculating the principal modes and
modal densities. The shear modulus, Gxy, was not required to pre-
dict the sound reduction index.

The out-of-plane shear moduli for calculating the modified elas-
tic constants due to modified gamma theory were also taken from
the literature (Douglas fir, 12 % moisture content [10]). The
simplified geometry assumptions for these moduli are summarised
pictorially in Fig. 2, and therefore G\=GRT = 8.0x107 Nm�2 and
Gll=(GLT + GLR)/2=(8.3 + 7.6)/2 x108 Nm�2 = 7.95x108 Nm�2. Simpli-
fying assumptions have been made to describe the constants in
terms of the elastic directions parallel (Ell) and perpendicular
(E\) to the grain. These assumptions were necessary, to enable val-
ues from the literature to be used. Precision shear moduli are not
commonly supplied for CLT panels and would not be expected to
significantly alter the calculated equivalent elastic moduli. Using
the calculation methods and panel sizes described here a ± 50 %
change in G\ would be expected to affect the calculated equivalent
elastic modulus, Ex, by� 0.04 %. and a ± 50 % change in Gll would be
expected to affect the calculated equivalent elastic modulus, Ey,
by � 12 %. The percentage differences in Ex and Ey when using
modified gamma theory and the fifth percentile of the elastic mod-
ulus in the direction parallel to the grain are listed in Table 2. In
this latter case substituting ELi for ELi ± DELi,0.05, in appropriate lay-
ers where DELi,0.05 is the fifth percentile of the elastic modulus in
Fig. 2. Geometry assumptions for t

6

the direction parallel to the grain to obtain Eeq,0.05 in Eq. (1) which
can also be expressed by:

Eeq;0:05 ¼ Eeq � DEeq;0:05

100
Eeq ð14Þ

Two values are listed for plate nine, corresponding to the two
different plate sizes measured. The equivalent elastic moduli for
the five-layer plates are not significantly more reduced than the
three-layer plates. This may be because the modified gamma
method only considers the outer layers of the five-layer plates.
The minimum, maximum and assumed values of the density of
softwoods are taken from the literature [10]. The minimum is the
value for US northern white cedar, the assumed is the value for
Sitka spruce (commonly grown in Europe for the construction
industry) and the maximum is the value for Canadian western
larch. The densities of these softwoods are listed in Table 3.

Note that the areas of the plates all conform to allowable plate
sizes according to the test standard EN ISO 10140 [11]. The stan-
dard specifies a surface area >10 m2 and a minimum dimension
Lx | Ly>2.3 m. This aims to provide partition sizes typical of that
in a real building with an aspect ratio (Lx/Ly) that avoids degenerate
modes if the materials are isotropic. Whether or not all orthotropic
building materials, such as CLT, will always fulfil the criteria of
avoiding degenerate modes with these specifications is uncertain.
In this work, none of the plates selected for testing were antici-
pated to exhibit degenerate mode behaviour. Finally, the calculated
thin plate limits for each of the plates and the data used to perform
these calculations including the assumed densities for each of the
he out-of-plane shear moduli.



Table 2
Percentage differences in the equivalent elastic modulus when using modified gamma theory and the fifth percentile of the elastic modulus in the direction parallel to the grain.

Plate Manufacturer DEeq,x,c (%) DEeq,y,c (%) DEeq,x,0.05 (%) DEeq,y,0.05 (%) No. of layers

1 A �0.002 �11.41 ±16.3 ±17.8 3-layer
2 B �0.007 �11.19 ±39.0 ±50.8 3-layer
3 B �0.020 �16.12 ±29.5 ±50.9 3-layer
4 B �0.005 �9.961 ±41.6 ±50.7 5-layer
5 B �0.005 �16.69 ±45.6 ±50.5 5-layer
6 C �0.037 �8.543 ±26.3 ±51.0 3-layer
7 D �0.008 �4.674 ±35.4 ±50.9 5-layer
8 D �0.001 �5.467 ±46.9 ±50.3 5-layer
9 E 2-0.019/

�0.009

2-18.60/
�10.07

±33.3 ±50.9 3-layer

2 Two aspect ratios were used.

Table 3
The density of softwood [10].

Species Growing territory Density (kg/m3)

Min Northern white cedar US 290
Assumed Sitka spruce US 380
Max Western Larch Canada 550
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plates is listed in Table 4. The assumed shear constant, Giso, calcu-
lated according to Eq. (7) required for the isotropic thick plate
model are also included for comparison.
5. Measurement methods

5.1. Loss factor

The internal loss factor of the CLT plate is required to calculate
the airborne transmission at frequencies greater than the critical
frequency. An estimate of internal loss factor was made from the
measured structural reverberation times of plate 1 while the plate
was freely hanging in the laboratory. The plate was suspended in
the laboratory space from a single point using a hole drilled
20 cm from the upper edge at the top of the plate. This was
attached to the laboratory crane to minimise coupling losses,
although plate-to-room coupling losses are unavoidable in this sit-
uation. Acceleration decays from an impulse measurement were
recorded with a two-channel digital recorder (Sound Devices
702 T). Two accelerometers (B&K Type 4513-B) were used to
record the decay signal and a large hammer (4.8 kg) was used to
excite the wall. The signal was processed to obtain the structural
reverberation time from a T5 measurement [40] and determine
the loss factors. To validate the loss factor measurement, the
Table 4
Calculated thin plate limits and the assumed shear constants, thickness, and densities
used to estimate the limits.

Giso

(Nm�2)
Eq. (7)

Thickness
(m)

Density
(kgm�3)

Thin plate limit
(Hz)
Eq. (8)

Plate 1 2.1 � 109 0.080 2438 2205.8
Plate 2 2.0 � 109 0.072 3380 2547.0
Plate 3 1.6 � 109 0.094 3380 1738.8
Plate 4 2.1 � 109 0.128 3380 1493.4
Plate 5 2.5 � 109 0.158 3380 1311.3
Plate 6 1.5 � 109 0.090 3380 1763.0
Plate 7 1.8 � 109 0.140 3380 1245.9
Plate 8 2.7 � 109 0.120 3380 1780.7
Plate 9 1.7 � 109 0.100 3380 1702.2

2 Recorded in the lab (see Table 1).
3 Assumed (Sitka spruce, see Table 3).
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results are compared with the calculated plate-to-room losses.
The plate-to-room losses are calculated using the minimum, max-
imum and orthotropic calculated radiation efficiencies as described
in section 2.4.

To determine the applicability and appropriateness of different
sound insulation calculation models, the first few modal frequen-
cies of the plates with free edges and simply supported conditions
were calculated. The modal overlap factor was calculated accord-
ing to [20,39]:

M ¼ f
Ng
Df

ð15Þ

where N is the number of modes (determined analytically) in the
third octave band,Df is the width of the band, and ƞ is the measured
total loss factor. To determine the sound insulation in a building,
the direct sound insulation discussed thus far is not always the
principal energy transfer path. Flanking paths due to structural cou-
pling provide additional energy transfer between rooms. Therefore,
the expected standard deviation of velocity levels or coupling loss
factors in structure-borne applications, rdB, is also quantified
[20,39]:

rdB �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
43log 1þ 1þ 3

pM

� �
1þ N

pM

� ��1
" # !vuut ð16Þ
5.2. Sound insulation

The sound insulation of nine cross-laminated timber plates
(CLT) from five different manufacturers were measured in the var-
ious transmission suites of two different acoustic laboratories. The
surface area of the transmission suites varied; however, all plates
had a measured area >10.6 m2. The plates were of different thick-
nesses, consisted of either three or five layers and were installed in
horizontal or vertical transmission suites. The effect of assembly
variation on the calculated elastic moduli is shown in Tables 1
and 2. The sound insulation of the plates were measured in accred-
ited facilities in accordance with EN ISO 10140 [11], and the rever-
berant test rooms aim to provide a standardised diffuse sound field
incident on the partition. The pressure levels in the source and
receiving rooms are measured, and losses due to absorption in
the receiving room are quantified by measuring the reverberation
times. Flanking transmission is also excluded using appropriate
resilient elements, and flanking walls are shielded to ensure that
the sound insulation of only the direct transmission is measured.
This enables calculation of the sound insulation in third octave
bands according to [11]:

R ¼ LP;1 � LP;2 þ 10log
S
A

� �
ð17Þ

where LP,1 and LP,2 are the sound pressure level in the source and
receiver rooms, S is the area of the partition, and A is the absorption
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area calculated from the reverberation time. (A = 0.161 V/T where T
is the reverberation time and V is the volume of the receiving room.)
The areas of the plates ranged from 10.6 m2 to 12.0 m2.
Fig. 4. ‘d’ Measured vs modelled sound insulation comparison of the two models,
q = 438kgm�3. ‘-’ Solid lines denote the upper and lower limits of the orthotropic
thin plate model, ‘–’ dashed lines denote the upper and lower limits of the isotropic
thick plate model and ‘. . .’ the dotted line indicates the calculated values using the
measured loss factor.
6. Results

6.1. Loss factor

The measured loss factors for plate 1 are compared with the cal-
culated radiation loss factors for a baffled, unbaffled, and orthotro-
pic thin plate in Fig. 3. The critical frequencies (fc, fc1, and fc2) are
calculated for this plate (according to appendix G) and these are
used to determine the radiation efficiencies. The calculated radia-
tion efficiency, and therefore the radiation loss factors, are
increased when the edge conditions are more constrained. The
radiation losses between the critical frequencies calculated using
the infinite orthotropic thin plate model are the lowest within this
frequency range (160–250 Hz), and the clamped edge perpendicu-
larly baffled radiation losses could be considered a worst-case sce-
nario. To ensure that the radiation coupling did not influence the
measured loss factor, the estimated internal loss factor for plate
1 was calculated by averaging the measured loss factors in the
third octave bands, which were shown to be significantly higher
(>10 dB) than the maximum possible calculated radiation coupling.
This is the solid line in Fig. 3. This measured value (ƞmeasured =
0.0218) was, however, found to be higher than values quoted in
the literature for wood products. The implementation of this value
in the thin plate orthotropic sound insulation model for plate 1 is
presented in Fig. 4. An increased loss factor increases the calculated
sound insulation above the critical frequency (f > fc2). Therefore in
all other cases, and to calculate the total percentage error of all the
models, internal loss factors taken from the literature (ƞmin = 0.01,
ƞmax = 0.016) [39] were preferred.

The calculated first mode (f1,1) for the freely (FF-FF-FF-FF) sup-
ported and simply (SS-SS-SS-SS) supported plates are shown in
Table 5. Measured values for plate 1 when freely supported and
when installed for testing in the transmission suite are also shown.
It is often assumed in sound insulation calculations that the plate
boundary conditions are simply supported. In this case, the first
modal frequency, when installed in the transmission suite (labora-
Fig. 3. ‘d’ Measured loss factor, impulse decay using a large hammer and T5
compared to the calculated radiation losses. ‘-’ The solid line denotes the values
used to determine the measured internal loss factor, ‘–’ the dashed line denotes the
maximum (baffled) radiation losses, ‘-.’ the dash dot line denotes the minimum
(orthotropic) radiation losses (fc1 < f < fc2) and ‘. . .’ the dotted line indicates the
unbaffled radiation losses. (f < fc).
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tory) is within 2.3 Hz of the calculated value for the same plate
with simply supported boundary conditions, although this may
not be similar to the actual boundary conditions in a real building.
As shown in Table 5 different boundary conditions can radically
change the frequency of the principal mode (and subsequent
modes), hence actual modal densities (at low
frequencies < 250 Hz). Rindel [17] advises that statistical methods
are suitable for prediction at frequencies higher than the first mode
of the plate (preferably f > 4f1,1). The third octave band building
acoustics range for which this condition is fulfilled is also indicated
in Table 5. Two ranges are indicated for plate 9 corresponding to
the two different plate sizes.

The modal overlap factor, M, for the freely (FF-FF-FF-FF) and
simply (SS-SS-SS-SS) supported plates are presented in Tables 6
and 7 for low frequencies (50–250 Hz). These values are similar,
within this frequency range, to typical statistical values for heavy-
weight materials such as concrete (0.1–0.5) masonry (0.1–0.8) or
solid dense aggregate blocks (0.04–0.2) [39]. The uncertainty of
structural measurements such as velocity levels or coupling loss
factors are increased when modal overlap factors are less than
one, or there are less than five modes per third octave band [39].
Third octave bands with less than five modes are shown in brack-
ets; for many of the low frequency bands, both criteria are not met.
Low modal overlap factors would not be expected to significantly
influence the uncertainty of airborne sound transmission; the
modal overlap of the receiving room is usually of more relevance
[11,46]. However, sound radiation models based on the radiation
of individual modes [47] rather than a statistical modal count
[44] may produce more accurate models at low frequencies
(<250 Hz).

The measured loss factor of the freely supported plate is high.
Higher damping results in broader modes (i.e., with an increased
Q-factor) and increased modal overlap factors. The measured loss
factor was therefore used to calculate the modal overlap factors
of the CLT plate in a best-case scenario. The modal overlap factors
and mode count were also used to determine the expected stan-
dard deviations of velocity levels or structure-borne coupling loss
factors of the nine plates. These expected standard deviations in
structure-borne applications for the simply supported plate are
shown in Table 8; all standard deviations >3.6 dB are listed.



Table 5
First modal frequency of the freely supported (FF-FF-FF-FF) and simply supported (SS-SS-SS-SS) plates.

FF-FF-FF-FF FF-FF-FF-FF (measured) SS-SS-SS-SS Installed in the laboratory (measured) Third octave band range for which (SS-SS-SS-SS) f > 4f1,1

f1,1 (Hz) f1,1 (Hz) f1,1 (Hz) f1,1 (Hz) (Hz)
Plate 1 8.7 8.2 22.3 20.0 100–5000
Plate 2 10.0 — 24.7 — 125–5000
Plate 3 13.0 — 32.8 — 160–5000
Plate 4 17.8 — 43.6 — 200–5000
Plate 5 21.9 — 52.4 — 250–5000
Plate 6 12.6 — 22.2 — 100–5000
Plate 7 9.4 — 18.1 — 100–5000
Plate 8 8.0 — 19.0 — 100–5000
Plate 9 26.7/13.9 — 216.9/34.7 — 2160-5000/80–5000

2 Two aspect ratios were used.

Table 6
Calculated maximum modal overlap factors in the 50–250 Hz third octave bands for freely supported plates (FF-FF-FF-FF). Modal overlap factors calculated from < 5 modes per
third octave band are shown in brackets.

M (-) 50 Hz 63 Hz 80 Hz 100 Hz 125 Hz 160 Hz 200 Hz 250 Hz

Plate 1 (0.177) (0.176) (0.178) (0.089) (0.438) (0.352) (0.265) 0.701
Plate 2 (0.265) (0.176) (0.178) (0.0) (0.438) (0.352) (0.265) (0.526)
Plate 3 (0.088) (0.176) (0.267) (0.089) (0.175) (0.176) (0.442) (0.438)
Plate 4 (0.0) (0.088) (0.178) (0.089) (0.175) (0.176) (0.088) (0.438)
Plate 5 (0.0) (0.088) (0.0) (0.266) (0.088) (0.088) (0.177) (0.175)
Plate 6 (0.0) (0.263) (0.0) (0.266) (0.263) (0.176) (0.531) (0.175)
Plate 7 (0.265) (0.0) (0.267) (0.266) (0.175) (0.440) (0.442) (0.351)
Plate 8 (0.177) (0.0) (0.178) (0.266) (0.351) (0.264) 0.619 (0.263)
Plate 9 (0.177) (0.176) (0.178) (0.533) (0.351) (0.264) 0.884 (0.526)

Table 7
Calculated maximum modal overlap factors in the 50–250 Hz third octave bands for simply supported plates (SS-SS-SS-SS). Modal overlap factors calculated from < 5 modes per
third octave band are shown in brackets.

M (-) 50 Hz 63 Hz 80 Hz 100 Hz 125 Hz 160 Hz 200 Hz 250 Hz

Plate 1 (0.0) (0.088) (0.178) (0.178) (0.088) (0.088) (0.531) (0.175)
Plate 2 (0.0) (0.088) (0.0) (0.266) (0.088) (0.176) (0.442) (0.175)
Plate 3 (0.088) (0.0) (0.089) (0.089) (0.175) (0.176) (0.177) (0.263)
Plate 4 (0.0) (0.088) (0.0) (0.0) (0.088) (0.176) (0.177) (0.088)
Plate 5 (0.088) (0.0) (0.0) (0.089) (0.0) (0.088) (0.177) (0.088)
Plate 6 (0.088) (0.088) (0.089) (0.089) (0.088) (0.264) (0.177) (0.438)
Plate 7 (0.0) (0.088) (0.178) (0.089) (0.263) (0.176) (0.354) (0.351)
Plate 8 (0.0) (0.176) (0.089) (0.089) (0.088) (0.440) (0.177) (0.526)
Plate 9 (0.0) (0.263) (0.178) (0.089) (0.263) (0.440) (0.354) 0.614

Table 8
Calculated standard deviations of velocity level measurements and/or structural coupling factors in third octave bands for simply supported plates (SS-SS-SS-SS) in structure-
borne applications.

s.d. (dB) 50 Hz 63 Hz 80 Hz 100 Hz 125 Hz 160 Hz 200 Hz 250 Hz 315 Hz >400 Hz

Plate 1 3.8 3.7 3.7 3.7 3.7 3.7 3.4 3.7 3.4 <3.6
Plate 2 3.9 3.8 3.9 3.6 3.8 3.7 3.4 3.7 3.4 <3.6
Plate 3 3.8 3.9 3.8 3.8 3.7 3.7 3.7 3.6 3.4 <3.6
Plate 4 3.9 3.8 3.9 3.9 3.8 3.7 3.7 3.8 3.7 <3.6
Plate 5 3.8 3.9 3.9 3.8 3.9 3.8 3.7 3.8 3.8 <3.6
Plate 6 3.7 3.7 3.7 3.7 3.7 3.6 3.7 3.5 3.6 <3.6
Plate 7 3.8 3.7 3.6 3.7 3.6 3.6 3.5 3.5 3.5 <3.6
Plate 8 3.8 3.7 3.7 3.7 3.7 3.5 3.7 3.4 3.5 <3.6
Plate 9 3.8 3.6 3.7 3.7 3.6 3.5 3.5 3.3 3.3 <3.6
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6.2. Sound insulation

The measured and predicted values of sound reduction index
for plate 1 are presented in Fig. 4. Upper and lower limits are
defined by the equivalent elastic moduli including the fifth per-
centile of the elastic modulus in the direction parallel to the grain
(Eeq,x ± DEeq,x,0.05 and Eeq,x ± DEeq,y,0.05) and the internal loss factor
ƞmin = 0.01 and ƞmax = 0.016 taken from the literature [39]. The
sound insulation determined from the elastic modulus (Eeq,x) and
9

the measured loss factor is also shown. As described in section
5.1 the measured loss factor is somewhat overestimated compared
with those quoted in the literature for wood products and this
results in an increased calculated sound insulation. The measured
single figure values are Rw(C;Ctr) = 30(-1;-3) and the predicted sin-
gle figure values are Rw(C;Ctr) = 30(-1;-4) for the mean of the
orthotropic thin plate model limits and Rw(C;Ctr) = 31(-1;-5) for
the mean of the isotropic thick plate model limits. All single num-
ber ratings are calculated according to EN ISO 717 [48]. For the



Table 9
The combined influence of the fifth percentile of the elastic modulus and the loss
factor for plates 1, 3, and 6–9.

Plate Manufacturer % of measured values within the calculated thin
plate range

1 A 0.0
3 B 19.0
6 C 42.9
7 D 19.0
8 D 19.0
9 E 38.1
Overall – 23.6

C. Churchill, B. Nusser and C. Lux Applied Acoustics 205 (2023) 109277
thick plate model, poor agreement between measured and pre-
dicted single figure values at low frequencies (<1000 Hz) (see also
Table 10) is due to the assumption of isotropy. The main difference
between the orthotropic and isotropic models is in the low fre-
quency region; the orthotropic model has two troughs due to
two separate critical frequencies (see Figs. 1 and 4) and the isotro-
pic model has one (Fig. 4). The orthotropic thin plate model is more
accurate at low frequencies (<1000 Hz), for this reason and for
clear presentation of the sound insulation accuracy, data for the
thick plate model are not displayed in Fig. 5 below this cut-off fre-
quency. Above the critical frequencies (fc, fc1, and fc2) an isotropic
thin plate model, compared to an orthotropic thin plate model,
would be expected to increase the sound insulation by no more
than + 0.5 dB.

The percentage differences in the equivalent elastic moduli due
to the different calculation methods are shown in Table 2. The
equivalent elastic moduli using modified gamma theory are some-
what reduced in the y-direction only. Equivalent elastic moduli
reduced by <18.6 % in the orthotropic thin plate model result in
deviations in the third octave band sound insulation of <1.0 dB.
The larger the plate, the lower the influence of this correction.
The fifth percentile of the elastic modulus in the direction parallel
to the grain has a much greater influence on the equivalent elastic
moduli with differences of up to 46.9 % in the x-direction and up to
51.0 % in the y-direction. The combined influence of the fifth per-
centile of the elastic modulus and the loss factor can be isolated
for plates 1, 3, and 6–9 where the density of the plates were
recorded in the laboratory. Table 9 shows the accuracy of the pre-
diction in these cases.

Examining the data for plate 1 more closely, the influence of the
fifth percentile of the elastic modulus in the direction parallel to
the grain on the equivalent elastic moduli is 16.3 % in the x-
direction and 17.8 % in the y-direction. The combined influence
of the elastic modulus and the loss factor on the third octave band
sound insulation calculated for plate 1 are indicated in Fig. 4. Devi-
ations of up to ± 2.1 dB are observed for the orthotropic thin plate
model, however, 0 % of the measured values fall within this calcu-
lated range. To help identify the underlying reasons for this, more
Table 10
Closeness of fit for the mean of the upper and lower limits of the models to single
figure values Rw(C;Ctr).

Model Orthotropic thin plate Isotropic thick plate
DRw DC DCtr DRW DC DCtr

Plate 1 0 0 1 �1 0 2
Plate 2 3 0 1 3 0 1
Plate 3 6 0 0 5 0 1
Plate 4 3 0 3 2 1 3
Plate 5 4 1 3 4 1 3
Plate 6 2 0 1 1 1 2
Plate 7 3 0 1 2 0 2
Plate 8 0 2 2 �1 2 3
Plate 9 1 0 0 0 1 1
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information about the panel density, such as the fifth percentile of
the density of the panel material, should be provided in the litera-
ture and standards concerning CLT.

The predicted results are compared with measurements for
plates 2 to 9 in Fig. 5. Three- and five-layer panels are distinguished
by using open and closed circles in the diagrams; error bars are
shown for panels where more than one test result was available.
The combined influences of the fifth percentile of the elastic mod-
ulus in the direction parallel to the grain, the surface density, and
the loss factor on the third octave band sound insulation on the
orthotropic thin plate model are indicated. The relationships
between surface density and the surface impedance, Z, (see appen-
dix B) which is used to determine the sound insulation are differ-
ent in the frequency ranges above (f > fc2) and below (f < fc1) the
critical frequencies; therefore, the low frequency limits are deter-
mined by different combinations of the maximum and minimum
variables. The limits for sound insulation at low frequencies are
calculated using the Rmin(Bmin, qs,min, gmin) or Rmax(Bmax, qs,max,
gmax) combinations and at high frequencies using Rmin(Bmin, qs,max,
gmin) or Rmax(Bmax, qs,min, gmax) combinations respectively. The two
sets of limits are separated in Fig. 5 by a gap.

The overall accuracy of the models was determined by the per-
centage of points which fall within the upper and lower modelled
limits. This is 44.0 % of measured results (50–5000 Hz) when com-
pared with the orthotropic thin plate model and 57.0 % of the mea-
sured results (50–5000 Hz) when compared with the isotropic
thick plate model. Closeness of fit regarding the prediction of the
single figure sound reduction index values are shown in Table 10;
in the case of multiple measurements, the mode of these values is
displayed. These are calculated according to:

DRW ¼ RW ;meas � RW;calc ð18Þ
The orthotropic thin plate model consistently underestimates

the single figure sound insulation of the plates (i.e., seven of the
nine cases). The isotropic thick plate model also underestimates
the single figure sound insulation in six of the nine cases. The thin-
nest plate, plate 3, shows the poorest agreement (in RW) between
the models and measurement.

The low frequencies show the poorest agreement with calcu-
lated results for plates 1, 2, 3, 4, 5, and 7. Three of the three-
layer panels and three of the five-layer panels exhibit significantly
higher than expected sound insulation at low frequencies
(<500 Hz); this is the part of the sound insulation curve governed
by the mass. As a perfectly diffuse field is difficult to achieve even
under laboratory conditions, discrepancies between model and
measurement may be caused by a non-diffuse field on the panel
or in the receiving room at low frequencies (f < fc1). Another possi-
ble cause is if excessive flanking transmission is directed away
from the receiving room and excluded from the laboratory, which
would result in an artificially increased sound insulation measure-
ment. Without further information about the exact laboratory con-
ditions in each case, far beyond the details provided by the
standard measurement conditions, it is difficult to appropriately
adjust the modelling conditions to obtain better agreement. The
sound field in the room [49], structure-borne sound field [50]
and boundary conditions [44,45] of the plate also affect the appli-
cability of sound insulation measurements to existing buildings. In
all infinite plate models, the angles of incident sound were
assumed to be perfectly diffuse, with all angles of incidence of
equal probability. The effect of weighting the angle distribution
using field incidence, an alternative distribution [41,51], or spatial
windowing [52–54] to account for the finite size of the plate was
not considered here, these modifications can increase the sound
insulation (fc, fc1, and fc2) and could be considered in further work.
However, prominent peaks and troughs in the sound insulation at
low frequencies could indicate dominant modal behaviour rather



Fig. 5. Accuracy of the two models to predict sound insulation; all data is normalised to the orthotropic thin plate model. ‘-’ Solid lines denote the upper and lower limits of
the orthotropic thin plate model, ‘–’ dashed lines denote the upper and lower limits of the isotropic thick plate model (1 kHz to 5 kHz only). Measured data is indicated by: ‘o’
open circles denote five-layer CLT, ‘d’ closed circles denote three-layer CLT, ‘▲’ triangles denote a plate with identical plate cross section with lower aspect ratios (Lx/h and Ly/
h). Where multiple measurements were made, 95 % confidence limits are shown. (Note that the use of an orthotropic thick plate model, but an isotropic thick plate model
offsets the thick plate model curve in these diagrams by no more than + 0.5 dB.).
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than diffuse field behaviour [50], which may account for disagree-
ment between the model and measurement at low frequencies.
These peaks and troughs would also affect the single figure sound
insulation (Rw) ratings. Finally, common methods used to suppress
flanking transmission in the laboratories include shielding of the
walls, floor, and ceiling, and this may have the side effect of chan-
nelling power away from the receiving room in the measurement,
thus increasing measured sound insulation.

All but one of the panels (plate 1) were anonymised, and there-
fore different manufacturing methods are not identifiable and
were not considered. The orthotropic thin plate theory used to
determine the sound insulation was poor at correctly predicting
the low frequency performance. More information about the panel
assembly procedures such as edge bonding, gaps and stress relief
cuts (in the core layer), workmanship, and product types such as
solid wood panels (MSWP) may be required. However, precision
information about the test conditions is more likely to be the pri-
mary factor required to determine the exact causes. Three of the
five-layer panels clearly have plateaus in the sound insulation at
high frequencies (>2000 Hz), which exceed that predicted by the
isotropic thick plate theory. This trend can also be observed in
the measured three-layer plate results marked by solid triangles
(▲). This suggests an increased shear deformation effect of the core
layers; however, it is difficult to identify a specific trend. The thin
plate limit given by Eq. (8) is limited in applicability; the plateau in
sound insulation also depends on the aspect ratio (h/b) as evi-
denced in the high frequency range (f > 2500 Hz) by plate 9, where
two aspect ratios were measured. As an additional complication,
CLT plates with three (and potentially more) layers could also be
described as having semi-thick behaviour, which exhibit plateaus
in the dispersion relation at different frequencies in different mate-
rial directions. The elastic constants of the plate (Ex and Ey) can be
adjusted to model this behaviour using an empirical method; how-
ever, it is preferable if these constants are also accounted in the
modal performance of the plate at low frequencies. Such an
approach which combines orthotropic and thick plate effects to
calculate sound insulation could improve the predicted sound
insulation of CLT plates.
7. Conclusion

Radiation losses may affect the measurement of internal loss
factors of CLT plates. Lightweight materials often have high inter-
nal loss factors that may be obscured in certain frequency bands
by radiation losses, making them difficult to measure. Even when
the radiation coupling losses were considered, the measured inter-
nal losses were overestimated when the plate was freely hanging
in the laboratory. The first mode for freely supported (FF-FF-FF-
FF) and simply supported (SS-SS-SS-SS) plates is in each case below
the frequency range of interest for acoustic applications (50–
5000 Hz). However, lowmode counts, and consequently lowmodal
overlap, will result in uncertainties in structural measurements. In
the case of direct airborne transmission only for such plates, sound
radiation models based on the radiation coupling of individual
modes may be more appropriate at low frequencies (<250 Hz) than
an infinite plate or statistical energy description.

The modified gamma theory applied as described, results in an
equivalent elastic modulus in the y-direction that was modified by
no more than 18.6 %, which changes the modelled sound insulation
of an infinite thin orthotropic plate by up to 1.0 dB. Accounting for
the fifth percentile of the elastic modulus in the direction parallel
to the grain produces significantly greater differences in the mod-
uli in both the x- and y- material directions. This together with the
described upper and lower limits on the density and internal loss
factor results in broad upper and lower limits on calculated sound
12
insulation. The precision of orthotropic thin plate and isotropic
thick plate models to predict R is in the worst case ± 6.6 dB (panels
5 & 8, Fig. 5). Simply determining the exact density of the individ-
ual panel (as shown in the measurement of panel 1) can signifi-
cantly narrow this range (±1.6 dB, Fig. 4). However, it is
recommended that more information about the panel density, such
as the fifth percentile of the density of the panel, be provided in
future literature and standards concerning CLT. Without additional
information from the manufacturer about the density distribution
in the panel, a prediction based on the recorded density from a sin-
gle panel, such as typically measured during a sound insulation
test, fails to determine the sound insulation behaviour, particularly
at low frequencies (f > 250 Hz). A model which accounts for dom-
inant modal behaviour in this frequency range could also improve
predictions. A combined orthotropic and thick plate sound insula-
tion model may also be required to improve the predicted sound
insulation of CLT plates at high frequencies (f � 1000 Hz). In some
cases, such as in the case of plate 1, the behaviour could be
described as semi-thick, exhibiting plateaus in the dispersion rela-
tion at different frequencies in different material directions.
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Appendix A. Gamma factor, ci, to account for shear deflection of
bonded core layers

The proposed modifying factors, ci, are to account for shear
deflection of bonded core layers rather than mechanical slippage.
The outer layers for plates with three or five layers in the x- and
y- directions are given by [15]:

ci;x ¼
1þ p2Eihi

L2eff ðGyz=hjÞ

� ��1

i ¼ 1;5 ðor 1;3Þ
1 i ¼ 2;3;4 ðor 2Þ

8><
>: ðA1Þ

ci;y ¼
1þ p2Eihi

L2eff ðGxz=hjÞ

� ��1

i ¼ 1;5 ðor 1;3Þ
1 i ¼ 2;3;4 ðor 2Þ

8><
>: ðA2Þ

where Leff is the effective length of the beam (e.g., the width, Lx, or
length, Ly, of the plate, assuming support at the end points), Gxz or
Gyz is the appropriate shear modulus considering the material direc-
tions of the layers, and j is the layer connecting the ith layer to the
middle plate layer.

Appendix B. The surface impedance of a thin plate

The surface impedance of a thin plate is given by [41,42]:

Z ¼ ixqs 1� Bp;x cos
2/

x2qs
þ Bp;y sin

2/
x2qs

 !2

k4 sin4 h

2
4

3
5 ðB1Þ

The bending stiffness of the material is calculated from the
equivalent elastic moduli Bx = Eeq,xh

3/(12(1–mxymyx)) and By = Eeq,yh
3/

(12(1–mxymyx)). The estimated internal loss factor, g, is used to
determine the complex bending stiffnesses Bp,x = Bx(1 + ig), and
Bp,y = By(1 + ig). The values of the internal loss factor implemented
in this calculation are described in section 5.1. In an isotropic
model the following bending stiffness is substituted for the plate
bending stiffnesses in the x- and y- directions in Eq. (B.1).

Biso ¼
ffiffiffiffiffiffiffiffiffiffi
BxBy

q
ðB2Þ

where Bx = Exh
3/12(1-m2) and By = Eyh

3/12(1-m2).

Appendix C. The thick plate correction term

The thick plate correction term based on Ljunggren [43]:

DRc ¼ 10lgðA=BCÞ ðC1Þ

A ¼ ½1þ ðh2
=12Þ k2ck

2
S

k2L
� k2S

 !
�
2

ðC2Þ

B ¼ 1� kShð Þ2
12

þ
k2c k2S þ k2L
� �

k4B
ðC3Þ

C ¼ ½1� kShð Þ2
12

þ k2S þ k2L
� �2

=ð4k4BÞ�
1=2

ðC4Þ

where kL is the quasi-longitudinal wavenumber, kS is the wave
number of a hypothetical Rayleigh wave, and kc is the wavenumber
at coincidence. The quasi-longitudinal wavenumber can be
obtained from:

kL ¼ x

ffiffiffiffiffiffiffiffiffiffiffiffiffi
qh3

12Biso

s
ðC5Þ
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The Rayleigh wavenumber (referred to as a corrected shear
wave in [43]) can be obtained from

kS ¼ x
ffiffiffiffiffiffiffiffiffiffiffiffiffi
q

j2Giso

r
¼ x
j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1þ mÞq

Eiso

s
ðC6Þ

There are several possible ways to determine the wavenumber
at coincidence. The method used in this research is to rearrange the
equation for the modified phase velocities based on Mindlin [55];
this is similar to Cremer et al. [14] but retains the shear correction
factor, j:

k4B;thick � k2B;thickx
2 1
j2c2S

þ 1
c2L


 �
þ x4

c2Lj2c2S
� k4B;p ¼ 0 ðC7Þ

where cL = cL,p in Eq. (9) and

cS ¼
ffiffiffiffiffiffiffiffi
Giso

q

s
ðC8Þ

then setting the phase velocity equal to the speed of sound in
air (cB,thick,p = c0 = 343 ms�1) and solving for the wavenumber using
MATLAB. To simplify this equation, the shear correction factor may
be assumed to equal one (j = 1). However, Ljunggren [43] recom-
mends that the shear correction factor (j) given by Magrab [56] be
used

j � 0:87þ 1:12mð Þ
1þ mð Þ ðC9Þ

where m is the isotropic Poisson’s ratio.

Appendix D. The radiation efficiency of a finite baffled plate
(with simply supported and clamped conditions)

The radiation efficiency of a baffled plate is given by [44]:

r ¼

U
2plkS

ffiffiffiffiffiffiffiffiffi
l2�1

p ln lþ1
l�1

� �
þ 2l

l2�1

h i
CBCCOB � l�8 CBCCOB � 1ð Þ� 
 ðf < f cÞ

0:5� 0:15L1
L2

� � ffiffiffi
k

p ffiffiffiffiffi
L1

p ðf ¼ f cÞ
1ffiffiffiffiffiffiffiffiffi
1�l2

p ðf > f cÞ

8>>>><
>>>>:

ðD1Þ

where l ¼
ffiffiffiffiffiffiffiffiffi
f c=f

p
, U is the plate perimeter, S is the plate area, CBC is

a constant for the plate boundary conditions (CBC = 1 for simply sup-
ported boundaries, CBC = 2 for clamped boundaries), COB is a con-
stant for the orientation of the baffle that surrounds the edges of
the plate (COB = 1 when the plate lies within the plane of an infinite
rigid baffle, COB = 2 when the rigid baffles along the plate perimeter
are perpendicular to the plate surface), and L1 is the smaller and L2
is the larger of the rectangular plate dimensions, Lx and Ly (for
square plates, L1 = L2 = Lx = Ly). The radiation efficiency for the fre-
quency band that contains the critical frequency in Eq. (11) (or Eq.
(D.1)) can be calculated using k = 2pfc/c0, where fc is the critical fre-
quency of the plate (see appendix G) and c0 is the speed of sound in
air.

Appendix E. Radiation efficiency at the edges and corners of a
rectangular plate

The radiation efficiency at the corners of the plate is given by
[45]

rcorner ¼ 2rs
p4

k2c
S

 !
� 1� 2

l2

� �
= 1
l 1� 1

l2

� �1=2
ð f < f c=2Þ

0 ðf � f c=2Þ

8<
: ðE1Þ
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where rs is the number of corners. See appendix G for a calculation
of the critical frequency, fc of the plate. The radiation efficiency at
the edges of the plate is given by [45]:

redge ¼ 1

4p2

Ukc
S

� � 1� 1
l2

� �
ln

1þ1
lð Þ

1�1
lð Þ

� �
þ 2

l

1� 1
l2

� �3=2
2
664

3
775 ðE2Þ
Appendix F. Correction factors due to the interaction between
the power flows on each side and around the perimeter of the
plate

The correction factors due to the interaction between the power
flows on each side and around the perimeter of the plate are given
by [45]:

Fplate ¼ 53f 4S2=c40ð1þ 53f 4S2=c40Þ
�1 ðF1Þ

Fcorner ¼ 1
2
½13=l2ð1þ 13=l2Þ�1� ðF2Þ

Fedge ¼ 1
2
½49=l2ð1þ 49=l2Þ�1� ðF3Þ
Appendix G. Critical frequency

In the isotropic case the critical frequency is given by [39]:

f c ¼
c20
2p

ffiffiffiffiffiffiffiffiffiffi
qh
BxBy

s
ðG1Þ

In the orthotropic case the critical frequencies are given by [42]:

f c;i ¼
c20
2p

ffiffiffiffiffiffi
qh
Bi

s
ðG2Þ

where i = 1 or 2, fc,1 is given by Bi = max(Bx, By) and fc,2 is given by
B2 = min(Bx, By).
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