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Abstract
A simulation model is proposed for integrated acoustic
and thermo-fluid insulation constituting an airflow
window with a photovoltaic (PV) solar wall spandrel
section. The physical model of an outdoor test-room
comprises of a wooden framed double or cavity wall
assembly with: (i) a triple glazed fenestration section
with a closed roller blind; (ii) a solar wall spandrel
section of double-glass PV modules and back panel of
polystyrene filled plywood board; and (iii) fan pressure
based manually operated inlet and exhaust dampers with
ventilation through exhaust fan for transportation of
heat. A generalized two-dimensional analysis of a
double wall structure is illustrated by placement of
surface and air nodes into two adjacent stacks of control
volumes representing outer and inner walls. Integrated
noise insulation and energy conversion model is
presented. The energy conversion and noise insulation
model is supported with some numerical results using
devised noise measurement equations.

thermal energy besides providing daylighting. The
airflow window system with photovoltaic modules
embedded in solar wall spandrel as illustrated in Figure 1
has been considered for investigations (Dehra, 2002;
Dehra, 2011). A triple glazed airflow window combined
with a PV solar wall spandrel has many advantages: (i)
airflow window provides electric power, hybrid
ventilation through heating/cooling, daylighting and
reduction in green house gas emissions by energy
conservation of fossil fuels; (ii) it provides integrated
sound and thermal insulation; (iii) it gives protection
from excessive heating from solar radiation by passing
and controlling the amount of heat transport; (iv) it gives
protection to PV modules from excessive heating,
weather deterioration including protection from snow
and dust; (v) with frame supporting structures, the
system is easily approachable for repair and maintenance
jobs; and (vi) it has better aesthetic appearance to the
occupants and to the viewers from outside in comparison
with stand alone PV module power generating system.
Wood Frame (41 X 184)

Introduction
The passage of air in and out-and heat along with it- is
called infiltration. The significance of infiltration is clear
from the fact that the average house has 600 cm 2 of vents
and flues alone; plus window frames, doors, sills, and
corners that need sealing and plugging; fireplaces with
unfit dampers; and a front door that is slammed 3000
times a year. Air passes in and out through these
openings. Therefore, infiltration is a misleading word –
since it only denotes a one way movement of air into a
house. There is need of better word than breathing or
respiration or exchange. Focusing entirely on insulation
thickness, the best way to define all flow of air in and
out through unsealed slits and unplugged holes is by huff
and puff of a house. Due to slit between the sash and the
frame or the frame and the house, a 1.25 X 1.25-m
double glazed window will easily lose about 70 liters of
oil in winter, and some studies have suggested that
windows account for even more heat loss than roofs.
Double or triple panes are not the only solution.
Traditionally, the most effective defense is solid, thermal
shutters, put up from the inside that fit the window hole
exactly.
This paper attempts to bring up integrated noise
insulation modeling for airflow windows along with
their use as a sustainable energy source of electric and
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Figure 1: Schematic of an airflow window system with a
PV solar wall spandrel section (Dimensions provided
are in mm).

Physical Model Description
A full scale experimental test section comprising an
airflow window with a single pane exterior glazing and a
double pane interior glazing and a photovoltaic solar
wall spandrel was constructed in an outdoor room
facility at Concordia University, Montréal, Québec
(Dehra, 2004). The transportation of heat was achieved
through manually operated intake and set of exhaust
dampers. The intake and exhaust dampers located on
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exterior side were fitted with wire mesh screens. The
exhaust damper placed on the interior side towards
outdoor room is for allowing the pre-conditioned
outdoor air directly into the room indoor environment.
The air movement in the airflow window system was
achieved through: (i) buoyancy-induced hybrid flow;
and (ii) fan-assisted flow created either in absence or
presence of wind-induced flow.
In airflow window integrated with PV module, there are
many issues related to its operation. The main objective
is to model the integrated thermal and sound insulation
fields and to maximise the value of total energy
generated and therefore increase the combined efficiency
of the system. In achieving this objective the heat
transfer model and losses of PV model need to be
studied. The heat can be recovered from the heated PV
modules in different ways. One of the options is to treat
the heated PV module as absorber surface and pass
airflow through the surface. The key operation
parameters are air mass flow rate, area of the absorber
surface (PV, Blind) and its temperature. Air mass flow
rate requires optimum air velocity under various
conditions to prevent condensation, stagnant zones, flow
reversal and other adverse effects that will cause
deterioration of the PV panels. This optimisation of
airflow will maximize the absorbed solar radiation
conversion to either thermal or electric power. By
placing motorised blind after the integrated PV, will
achieve twin objectives, control the amount of daylight
transmission and also help in absorbing the excess
external heat, which is going inside the room and
overheating it. This heat is further taken from blind by
mass flow of air, while cooling the PV modules.
Depending on the climatic variables the operation of
airflow window can be optimised. Damper motion is
controlled by both flow and temperature sensors. During
the summer, in the daytime, when outside air
temperature is in the range of 15 oC - 22oC, the exhaust
air vent provided will exhaust the heated air from PV
modules to outside. But during night, the cooled fresh air
can be used inside the room to reduce the cooling load of
the building. Another important aspect is to control the
amount of daylight transmission by optimising sizing
and distribution of opaque photovoltaic modules for
maximising the value of thermal and electric power
generated.

State-of-the-Art
Traditionally, insulation is dead air space, or a dead gas
space, sometimes combined with a reflective surface. Air
has a low inherent conductivity. If it is dead or
motionless there is no convection and when there is a
reflective surface, radiation is cut to a minimum. Dead
air space can be found in materials like fiberglass
blanket, loose-fill and foam. They embody thousands of
tiny pockets where dead air is encased, protected and
preserved.
Outdoor duct system consists of combination of fans,
duct construction elements, heat exchangers and air
filters. The location of fan in outdoor duct is decided by

the direction of flow and desired pressure relations. A
supply fan is used to pump air into a space and exhaust
fan is used to draw air out of a space. The pressure
relations for the two cases are different. There is a
buildup pressure in case of supply air and reduction of
pressure in case of exhaust air. The space pressure is
determined based on the relative quantity of air handled
by supply and exhaust air. The space pressure will be
positive if there is an excess supply air in comparison to
exhaust air and negative if there is an excess exhaust air
in comparison to supply air.
The total energy provided by the fans to the air passing
through a given system is fixed, assuming the same
capacities and end pressures for a supply fan, an exhaust
fan or both are used. A motor-driven fan is used to
circulate filtered heated air from outdoor duct through
supply duct to outdoor test-room. As the hot air is
delivered through the ducts and into the room through
the supply outlet, cooler air from the room is being
returned through return grilles, into the exhaust air duct.
The choice of fan is dependent on creating a sufficient
pressure is achieved to overcome the total losses based
on the flow through the duct with longest run. Fan
performance must meet and match system requirements.
The only possible operating characteristic points are
those where the system curve intersects the fan curve.
These are the points where the pressure developed by the
fan exactly matches the system resistance, and the flow
in the duct system equals the fan capacity. The overall
system resistance is calculated by summing the pressure
losses for the individual components along any one flow
path.
Air passing through the outdoor duct system is either
heated or cooled. It results in decreased or increased
density respectively and with assumption of constant
mass flow rate, its total volume rate will be increased or
decreased accordingly. The developed resistance in the
duct is calculated based on actual gas density, volume,
and velocity through it. The total system resistance is
calculated by summation of these resistances along the
flow path.
The difference in power requirements at various
locations can be calculated. For the case of constant
system resistance, the pressure required for the fan (P2P1) will be constant regardless of the location. The
volume of air flow (Q) will vary with the location. The
fan location with least power requirements is that place
where density of air will be highest assuming constant
efficiency.
Exterior duct insulation can be attached with adhesive,
with supplemental pre-attached pins and clips, with
wiring or bands. Liners can be attached with adhesive
and supplemental pins/clips. Rectangular ducts and
fittings are fabricated by grooving, folding, and taping
with metal accessories such as turning vanes, splitters,
and dampers incorporated into the system. If rectangular
ducts exceed the pre-determined dimensions for
particular static pressure, the ductwork must be
reinforced. Insulation can significantly reduce operating
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costs that depend upon unit cost of heating and cooling
energy, extent of duct exposed to outside conditions. In
addition, duct insulation maintains the supply air
temperature unaltered thereby, maintaining the
conditioned space within acceptable temperature range.
Vapor retarders are required on exterior insulation of
ducts that are used for alternate heating and cooling.
Some thermal insulation materials can also serve
purpose of sound control (Asdrubali et al, 2015).
Acoustic efficiency depends upon physical structure of
the material. Materials with open, porous surfaces have
sound absorption capability (Asdrubali et al, 2012).
Those with high density and resilient character can be
used for absorption of vibrations. Insulation for sound
conditioning includes flexible and semi-rigid, formed-inplace fibrous materials and rigid fibrous insulation.
Thermal insulation materials improve their sound
insulation
when
installed
with
discontinuous
construction. A wall of staggered stud construction that
uses resilient clips or channels on one side of the stud or
resilient boards of special manufacture to prevent
acoustic coupling mechanically between the surfaces,
reduces sound transmission. Sound absorption by
thermal insulation blanket in a cavity wall reduces sound
transmission.
The energy conversion and noise characterization in an
exterior double wall is important, for example, in
modeling PV solar wall and transpired unglazed
structures (Dehra, 2018a; Dehra 2018b, Dehra 2018c,
Dehra 2018d, Dehra 2019). The energy conversion in a
double of cavity wall is a function of solar irradiation, air
gap width, mass flow rate and pressure, wall and air
temperatures. A generalized two dimensional thermal
analysis of an outdoor duct is presented by placement of
surface and air nodes into two adjacent stacks of control
volumes representing outer and inner walls of duct. A
matrix solution procedure is adopted by constituting
conjugate heat exchange of conduction, convection,
radiation and ventilation heat transport.
The requisite amount of ventilation air in a building in a
given climate depends on heating/cooling load. The
HVAC load on building varies with the condition of
outdoor ventilation air that may require additional
heating, cooling and humidification or dehumidification.
In temperate climates, outdoor air is more economical to
use than recycled return air. The analysis of double or
cavity wall for ventilation purposes using airflow
window with PV solar wall structures is investigated.
The investigation of energy conversion, ventilation and
integrated insulation system is based on complete
information for the given design conditions and
limitations of operation results.

variation only along y-axis with lumped temperature
distribution along x and z-axes; (iii) applicability of first
law of thermodynamics at the surface; (iv) clear sky is
applicable; (v) quasi steady state heat transfer analysis
has been performed assuming a vertical channel; (vi)
uniform average air velocity distribution; (vii)
temperature variation only in y-direction (vertical), being
taken as lumped in other directions (x-axis and z-axis);
(viii) air properties are evaluated at film temperature of
300 K; (ix) negligible heat transfer from side
walls/insulation panel and room air zone; (x) conduction
(diffusion) equation for performing energy balance on
air nodes is not taken into consideration; (xi) negligible
thermal storage capacity of duct wall; (xii) no infiltration
or air leakage sources from the test section; and (xiii)
ambient air and room air temperatures are specified.
The system is discretised into network of two adjacent
stacks of control volumes common to surface and air
nodes (see Figure 2). The energy balances are performed
on both surface and air nodes with aid of constitutive
relations for noise fields due to solar intensity, sound
intensity, airflow power intensity, electric power
intensity and heat power intensity. The energy
conversion and noise characterization is important, for
example, in modeling airflow window and PV solar wall
building structures. The resultant noise field due to
composite wave elements (of heat, fluid, electricity,
sound and sun) is a function of solar irradiation, sound
intensity, air gap width, mass flow rate and pressure,
wall and air temperatures of the double wall building
structure. The integrated noise insulation due to thermal
and sound fields is modeled. Noise characterization
equations are devised, which calculate noise fields due to
ventilation, heat transport and sound transmission of
integrated building insulation through a double wall
structure.

Model Assumptions and Development

Figure 2: Grid size in the duct: distribution of nodes and
control volumes.
In writing nodal equations in matrix form, sign notation
is adopted for automatic formulation of conductance
matrix (U-matrix) with unknown temperatures and heat
source elements. The sum of all incoming heat source
elements and U-matrix conductances multiplied with

The assumptions used in the development of the model
for a Building Integrated Photovoltaic Airflow Window
(BIPV-AW) system as depicted in Figure 1 are: (i) fully
developed heat transfer has been assumed for mixed
convection heat transfer assuming a parallel plate wide
channel at low air velocities ~ 0.5 m/s; (ii) temperature
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temperature difference with respect to the unknown
temperatures at other nodes are equal to zero. The
energy balance is written in equation form for any
general node (m,n):
N

(

n =1

N

) 

 Tm  n +
m n

U

Q

m n

0

(1)

n =1

Where Um,n is the conductance at node (m,n), ∆Tm,n is
the difference between unknown temperature at the node
(m,n) and unknown temperature at surrounding heat
exchange node. QN is heat source term at the node (m,n).

Noise Characterization
A unified theory for stresses and oscillations is proposed
by the author (Dehra 2007). The following standard
measurement equations are derived and adopted from the
standard definitions for sources of noise interference
(Dehra 2008 b; Dehra 2016; Dehra 2017; Dehra 2018 c).
Noise of Sol: For a pack of solar energy wave, the
multiplication of solar power storage and the velocity of
light gives solar power intensity I. On taking logarithm
of two intensities of solar power, I1 and I2, provides
intensity difference. It is mathematically expressed as:
(2)
Sol = log( I 1)( I 2) −1
Whereas logarithmic unit ratio for noise of sol is
expressed as Sol. The oncisol (oS) is more convenient
for solar power systems. The mathematical expression
by the following equality gives an oncisol (oS), which is
1/11th unit of a Sol:
(3)
oS = 11log( I 1)( I 2) −1
Noise of Therm: For a pack of heat energy wave, the
multiplication of total power storage and the velocity of
light gives heat power intensity I. The pack of solar
energy wave and heat energy wave (for same intensity
I), have same energy areas, therefore their units of noise
are same as Sol.
Noise of Photons: For a pack of light energy beam, the
multiplication of total power storage and the velocity of
light gives light power intensity I. The pack of solar
energy wave and light energy beam (for same intensity
I), have same energy areas, therefore their units of noise
are same as Sol.
Noise of Electrons: For a pack of electricity wave, the
multiplication of total electrical storage and the velocity
of light gives electrical power intensity I. The pack of
solar energy wave and electricity wave (for same
intensity I), have same energy areas, therefore their units
of noise are same as Sol.
Noise of Scattering: For a pack of fluid energy wave,
the multiplication of total power storage and the velocity
of fluid gives fluid power intensity I. On taking
logarithm of two intensities of fluid power, I 1 and I2,
provides intensity difference. It is mathematically
expressed as:
(4)
Sip = log( I 1)( I 2) −1
Whereas, logarithmic unit ratio for noise of scattering is

Sip. The oncisip (oS) is more convenient for fluid power
systems.
The mathematical expression by the following equality
gives an oncisip (oS), which is 1/11th unit of a Sip:
(5)
oS = 11log( I 1)( I 2) −1
For energy area determination for a fluid wave, the water
with a specific gravity of 1.0, is the standard fluid
considered with power of ±1 Wm-2 for a reference
intensity I2.
Noise of Scattering and Lightning: For a pack of fire
wave, the intensity, I, of fire flash with power of light, is
the multiplication of total power storage and the velocity
of light. Whereas for a pack of fire wave, the intensity, I,
of fire flash with power of fluid, is the multiplication of
total power storage capacity and velocity of fluid.
•

For a noise due to fire flash, the collective
effect of scattering and lightning is obtained by
superimposition principle.

•

For same intensity I, the pack of solar energy
wave and a fire flash with light power have
same energy areas, therefore their units of noise
are same as Sol. The therm power may also be
included in fire flash with power of light.

•

For same intensity I, the pack of fluid energy
wave and a fire flash with fluid power have
same energy areas, therefore their units of noise
are same as Sip. In determining the areas of
energy for the case of fluids other than water, a
multiplication factor in specific gravity has to
be evaluated.
Noise of Elasticity: For a pack of sound energy wave,
the product of total power storage and the velocity of
sound gives sound power intensity I. On taking
logarithm of two intensities of sound power, I1 and I2,
provides intensity difference. It is mathematically
expressed as:
(6)
Bel = log( I 1)( I 2) −1
Whereas, logarithmic unit ratio for noise of elasticity is
Bel. The oncibel (oB) is more convenient for sound
power systems. The mathematical expression by the
following equality gives an oncibel (oB), which is 1/11 th
unit of a Bel:
(7)
oB = 11log( I 1)( I 2)−1
There are following elaborative points on choosing an
onci as 1/11th unit of noise (Dehra 2018 c):
i) Reference value used for I2 is -1 W m-2 on positive
scale of noise and 1 W m-2 on negative scale of noise.
In a power cycle, all types of wave form one positive
power cycle and one negative power cycle (Dehra
2008 a). Positive scale of noise has 10 positive units
and one negative unit. Whereas, negative scale of
noise has 1 positive unit and 10 negative units;
ii) Each unit of sol, sip and bel is divided into 11 parts, 1
part is 1/11th unit of noise;
iii) The base of logarithm used in noise measurement
equations is 11;
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iv) Reference value of I2 is -1 W m-2 with I1 on positive
scale of noise, should be taken with negative noise
measurement expression (see Eqs 3, 5 and 7),
therefore it gives positive values of noise;
v) Reference value of I2 is 1 W m-2 with I1 on negative
scale of noise, should be taken with positive noise
measurement expression (see Eqs 3, 5 and 7),
therefore it gives negative values of noise.
The choosing of onci in noise units is done so as to have
separate market product & system of noise scales and
their units distinguished from prevailing decibel units
(which has its limitations) in the International System of
Units. More discussions on energy conversion, noise
characterization theory and choice of noise scales and its
units are presented in many papers by the author (Dehra
2008a, Dehra 2008b, 2018c, Dehra 2018d, Dehra 2019).

Results and Discussions
The picture of the experimental setup in a prefabricated
outdoor room is presented in Figure 3. The solar noon
annual solstices and equinoxes days are selected for
performing sensitivity analysis to achieve range of: (i)
temperatures of pre-conditioned fresh air available; (ii)
electric power generation vis-à-vis surface temperatures
of photovoltaic modules; (iii) integrated noise insulation
values due to noise fields of composite wave elements
transmitted into the room. Computer aided simulation
model is developed for an airflow window system
located in Montréal. Some examples of noise insulation
calculations are illustrated using newly devised noise
measurement equations for noise of sol, noise of therm,
noise of scattering and noise of elasticity. The sensitivity
analysis for an outdoor duct is also conducted for critical
design of ventilation requirements with supply of
varying outdoor mass flow rate to a single building zone.
The improved method is useful for accurately predicting
ventilation air requirements along with designing
integrated thermal and sound insulation through a double
or cavity wall building structure.
Table 1 has provided properties of physical domain.
Tables 2, 3, 4 and 5 have presented sensitivity analysis
and noise characterization values for the exterior duct
based on mass flow rate, solar irradiation and size of
duct. The thermal modeling results are presented from
Figures 4 to 8. Figure 4 has presented efficiencies of the
building integrated photovoltaic airflow window system
viz., electrical efficiency of PV Module and combined
efficiency of the system. Figure 5 has presented thermal
model results of PV Module, insulation panel and air
with respect to height of the spandrel section. Figure 6
has presented thermal model results for PV Module
temperatures with solar time for forced and natural
convection and air temperatures for forced and natural
convection for air cavities I and II. Figure 7 has results
for useful energy generated and solar energy absorbed
by a photovoltaic module. Figure 8 has provided
variation of hydraulic diameter, velocity and flow rate vs
pressure drop on a log scale.

The thermo-physical properties of photovoltaic modules,
air and insulating panel were assumed constant along all
directions i.e. x, y, and z-ordinates. The thermo-physical
properties of insulating panel with building insulation
were obtained from tests conducted with heat flow meter
and related specifications from the manufacturer (Dehra,
2004). The temperature differences along x-direction are
obtained by assuming same temperature difference per
unit thickness of material along x and y-ordinates
(Dehra, 2004). The heat storage capacity for temperature
differences across x-direction is negligible of the heat
storage capacity for temperature differences across ydirection. Therefore temperatures are assumed uniform
and lumped in x-direction. The pair of glass coated
photovoltaic modules was having three layers of material
viz., a flat sheet of solar cells, with glass face sheets on
its exterior and interior sides. The measurements were
collected for a pair of successive runs at same solar
intensities (Dehra, 2004). The thermal model is validated
by comparing its predicted results with those obtained
from the experimental apparatus. The agreement
between the predictions of the thermal model and
experimental results was presented to be very good
(Dehra, 2004).

Figure 3: Prefabricated outdoor room at Concordia
University.
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Module; (b) Combined efficiency of the system.
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Table 1: Properties of Physical Domain.
Property

Value

Property

Solar irradiation
Ambient heat transfer coefficient
Ambient air temperature
Building space temperature
Height of duct
Width of duct

650 W m-2
13.5 W m-2 K-1
-5 °C
20 °C
3.0 m
1.0 m

Thickness of outer wall of duct

0.0025 m

Absorbtance of outer wall with flat black paint

0.95

Width of air gap
Thermal conductivity of air
Specific heat of air (cp)
Density of air
Kinematic viscosity of air
Prandtl number of air
Air velocity for obtaining mass
flow rate
Stefan Boltzmann constant for
surface of duct walls
Emissivity of back surface of duct
walls
Number of nodes in x - direction
Number of nodes in y - direction

Thermal conductivity of Aluminium alloy for HVAC
duct
RSI value
Thickness

137 W m-1 K -1
1.0 m2 K W-1
0.04 m

Value
0.025 m
0.02624 W m-1 K-1
1000 J kg-1 K-1
1.1174 kg m-3
15.69 X 10-6 m2 s-1
0.708
0.75 m s-1
5.67 X 10-8 W m-2 K-4
0.95
Nx = 3
Ny = 10, Δy=0.3 m

Table 2: Temperature difference and noise of sol with solar irradiation (air velocity: 0.75 ms-1).
Solar irradiation
Air Temperature Difference
Noise of Sol
(Wm-2)
(ΔT) °C
oS (oncisol)
450
15.50
28
550
18.90
28.93
650
22.40
29.7
750
25.90
30.36
850
29.40
30.91
Table 3: Temperature difference and noise of scattering with air velocity (S = 650 Wm-2).
Air velocity (ms-1)
Fluid Power (Wm-2)
Air Temperature Difference
Noise of Scattering
(ΔT) °C
oS (oncisip)
1.35
47.62
15.28
17.72
1.05
37.0
18.22
16.50
0.75
26.45
22.40
15.02
0.45
15.87
28.15
12.65
0.15
05.29
29.80
07.64

(ΔT) °C

Mass flow
rate
(Kg s-1)
0.01376
0.01275
0.0120
0.0115
0.0111

15.50
18.90
22.40
25.90
29.40

Table 4: Mass flow rate and noise of therm with (ΔT) °C.
Thermal
Noise
of (ΔT) °C
Mass flow
Power
Therm
rate (Kg s-1)
-2
(Wm )
oS (oncisol)
71.09
19.5602
15.28
0.0231
80.325
20.119
18.22
0.0171
89.6
20.614
22.40
0.0120
99.2833
21.043
28.15
8.1 X 10-3
108.78
21.505
29.80
6.2 X 10-3

Thermal
Power
(Wm-2)
117.65
103.85
89.6
76.0
61.59

Noise of therm
oS (oncisol)
21.868
21.296
20.614
19.866
18.898

Table 5: Noise of elasticity with air particle velocity (Impedance Z0 = 413 N·s·m-3 at 20°C).
Air
velocity
(m·s-1)

Fluid
Power
(W·m-2)

1.35
1.05
0.75
0.45
0.15

47.62
37.0
26.45
15.87
05.29

Noise
of
Scattering
oS (oncisip)
17.72
16.50
15.02
12.65
07.64

Sound Pressure
(N·m-2)
557.5
433.65
309.75
185.85
61.94

Sound Power
Intensity
(W·m-2)
752.7
455.33
232.31
83.63
09.29

Noise
of
Elasticity
oB (oncibel)
30.36
28.05
24.97
20.24
10.12
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Figure 8: Variation of hydraulic diameter, velocity and
flow rate vs pressure drop on a log scale.

Conclusions
A study on integrated insulation modeling of an airflow
window with a PV solar wall via energy conversion is

________________________________________________________________________________________________
8
Proceedings of the 16th IBPSA Conference
Rome, Italy, Sept. 2-4, 2019

________________________________________________________________________________________________
performed. The noise interference and characterization
equations as per speed of a composite wave are
presented. The sources of noise measurement equations
(sun, light, sound, heat, electricity, fluid and fire) are
described depending on their speed of noise interference.
Noise measurement equations and their units are coined.
The acoustic insulation systems are classified as per
source signals of solar power, electric power, light
power, sound power, heat power, fluid power and fire
power.
Several performance and optimisation issues are
considered in development of the model including
optimal air velocity for heat transfer, dimensions of PV
module (height), selection of cavity width to reduce
pressure drops, and prediction of temperature rise of air
as it flows out of the airflow window system and into the
outdoor test-room. The airflow is adjusted to a constant
value to optimise necessary temperature for integrated
photovoltaic array as well as for pre-heated fresh air into
the outdoor test-room. It is envisaged that inside an
airflow window integrated with PV, cooling by forced
convection is essential, without which, the temperature
of PV cell reaches very high (51oC), which decreases the
efficiency by more than 20% (Dehra, 2002). The
combined efficiency (electrical and thermal) of the
system reaches 50%.
A Building Integrated Photovoltaic Airflow Window
(BIPV-AW) system is developed for the purpose of
combined generation of electricity, thermal energy and
daylighting. This approach will have additional
following advantages: a) there will be reduction in peak
heating loads, which will reduce the required capacity of
the heating/cooling system; b) there will be reduction in
energy consumed for heating and lighting in the
building; and c) electricity demand of the building will
be reduced and energy utilities will get peak surplus.
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Abstract
The quality of listening in schools strongly affect the
learning process of pupils. Different techniques have
been developed to evaluate it in indoor environments,
and among the reverberation time is the most frequently
used factor. In the early design stage, the reverberation
time can be evaluated by analytical correlations or
software simulations. In this paper, the reverberation
times obtained using analytical formulae and software
simulations have been analysed and compared with those
obtained by a measurement campaign, in order to
evaluate the accuracy of these design tools. The analysis
has been carried out in the classrooms of the School of
Engineering of the University of Pisa.

Introduction
In the last decades, the quality of listening in educational
buildings has gained a growing attention at international
level (Trombetta Zannin, 2009; Peng, 2015; Eldakdoky,
2017). Among the requirements to obtain high quality
classrooms, the acoustic ones are very important because
they are strictly related to the verbal performances of the
teaching activities and to the speech comprehension
(Kruger, 2004; Leccese 2018). The acoustic design of a
classroom should be aimed to achieving the optimal
conditions for verbal communication and well-being of
the occupants. The learning process is lengthy and
complex and it depends not only on the teachers’ skills
but also by the physical and environmental conditions of
classrooms, e.g. dimensions, shape, sound absorption
properties, background noise, furniture characteristics
and distribution, etc. (Leccese, 2015a; Sala, 2016).
At national and international levels, many efforts have
been made to improve legislation, but in Italy many
classrooms still have inadequate acoustic quality
(Astolfi, 2008; Leccese, 2018).
Among the various factors which affect the indoor
auditory environment, reverberation is the most widely
used (Bistafa, 1999; Gramez, 2017; Leccese, 2016;
Leccese, 2015b; Passero, 2010). In fact the
Reverberation Time (RT) can be calculated with
analytical formulae in early design stage, with software
simulations in advanced design stage and it can be
measured in construction stage (Astolfi, 2008; Leccese,
2015c). However, these different approaches not always
provide congruent results, especially when comparing
the calculated values with those measured in situ.

In this paper a comparison among analytical formulae,
software simulations and in situ measurements of RT in
university classrooms is proposed. The aim of the study
is to evaluate the accuracy of both acoustic software
simulations and well-known RT formulae (found in the
scientific literature), with respect to in situ
measurements. The purpose of this work is to evaluate
the accuracy of acoustic simulation using a
representative sample of properly selected university
classrooms. The knowledge of such accuracy can be
very important because software simulations are an ideal
way to explore options and to evaluate different possible
solutions before the realization of the project, when
changes would be expensive and time-consuming.

Materials and Methods
For the aims of this work, three university classrooms
have been selected with different capacities, physical
dimensions and finishing materials. The chosen
approach is composed by the following steps:
1.
2.

3.

4.

characterization of the analysed classrooms;
calculation of RT using the Sabine and Eyring
formulae at the octave-band frequencies of
125÷4000Hz;
simulation of RT using the Enhanced Acoustic
Simulator for Engineers software (EASE 4.4)
developed by AFMG, that combine source image
and ray tracing methods;
measurement of RT by interrupted noise method, in
accordance with the EN ISO 3382 international
technical standard.

Characterization of the analysed classrooms
The selected case study is composed by three classrooms
of the School of Engineering of the University of Pisa
(named C1, C2 and C3), with capacities between 80 and
220 seats, including teacher stations (Figure 1). The
materials of the analysed sample are typical of indoor
environments for educational activities of Italian school
buildings. Similarly to Leccese et al. (2018), the rooms
were selected with different volumetric dimensions:
small (the case of C1 room) with volume lower than
500m3, medium (case C2) with volume in the range of
500÷1000m3, and large (case C3) with volume higher
than 650m3. All the rooms are used for traditional
teaching and are characterized by stepped audience
areas. The geometrical properties and other main
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characteristics of the three classrooms are reported in
Table 1. In Table 2 the sound absorption coefficients (,
dimensionless) of materials attributed to all surfaces and
the relative areas are shown; in addition for the desks
C1

and chairs are shown the overall number and the
equivalent absorption area (U, m2).

C2

C3

Figure 1: Pictures of the three selected classrooms of the School of Engineering of the University of Pisa.
Table 1: Geometrical properties and other main characteristics of the investigated classrooms. Legend: Di (i=1, 2), transversal and
longitudinal length; Hi (i=min, max), height of the room; S, net area; V, net volume.
Classroom

Capacity

C1
C2
C3

140
144
211

D1

D2

Hmin

Hmax

S

V

(m)
9.70
12.85
12.00

(m)
14.00
12.00
17.20

(m)
3.05
4.15
4.45

(m)
3.55
5.65
7.00

(m2)
131
154
216

(m3)
438
733
1200

Table 2: Sound absorption coefficients () and areas (S) of surfaces/materials in the analysed classrooms.
Surface
(item)
Floors
Dais and stepped
Walls
Ceiling
False ceiling
Doors
Windows
Door windows
Blackboards

Desks
Chairs
(unoccup.)

Students
Teacher
Students
Teacher

Materials

(Reference)

Tiles
Linoleum
Linoleum
Plaster
Plaster
Plasterboard
Wood
Metal
Glass
Glass
Glass
Slate

(vitrified tiles)

Wood
Aluminium
Wood
Wood
Textile

(pine’s wood)

(rubber)
(rubber)
(normal plaster)
(normal plaster)
(plasterboard)
(pine’s wood)
(vitrified tiles)
(closed window)
(closed window)
(closed window)
(vitrified tiles)

(vitrified tiles)
(pine’s wood)
(pine’s wood)
(textile)

 (-)
Frequency (Hz)
125
0.05
0.05
0.05
0.04
0.04
0.20
0.10
0.05
0.35
0.35
0.35
0.05

250
0.05
0.05
0.05
0.05
0.05
0.15
0.10
0.05
0.25
0.25
0.25
0.05

0.10
0.05
0.10
0.10
0.18

0.10
0.05
0.10
0.10
0.35

500
0.05
0.10
0.10
0.06
0.06
0.10
0.10
0.05
0.20
0.20
0.20
0.05

1k
0.05
0.10
0.10
0.08
0.08
0.05
0.09
0.05
0.1
0.1
0.1
0.05
U (m2)
0.10
0.09
0.05
0.05
0.10
0.09
0.10
0.09
0.54
0.54

S (m2)
2k
0.05
0.05
0.05
0.04
0.04
0.03
0.10
0.05
0.05
0.05
0.05
0.05

4k
0.05
0.05
0.05
0,06
0,06
0.03
0.12
0.05
0.05
0.05
0.05
0.05

C1

C2

C3


61.45
74.05
124.75
131.00
6.00

2.00
7.20
8.50
8.80

44.25

130.70
207.20
154.00


4.30

23.40

9.85


110.00
123.34
89.60
289.15

10.30

2.90
43.20
8.00
6.45

0.10
0.05
0.10
0.10
0.54

0.12
0.05
0.12
0.12
0.64

35.30
47.80
4.30
28.00
3.6

49.10
52.75
3.60
29.05
3.6

65.00
75.40
5.00
42.60
5.4

Table 3: Average sound absorption coefficients (m) and total areas (ST) in the analysed classrooms.
αm (-)
Frequency (Hz)

Classrooms
C1
C2
C3

125
0.06
0.10
0.07

250
0.06
0.09
0.07

500
0.08
0.09
0.08

The α values have been calculated using the absorption
coefficients available in the technical literature (Astolfi,
2012; Leccese, 2015b). Although the choice of

1k
0.08
0.08
0.09

ST (m2)
2k
0.05
0.05
0.05

4k
0.06
0.06
0.06

543
712
1058

absorption coefficients to associate with the different
surfaces of the environment represents a significant
uncertainty (Leccese, 2015c), that method represent a

________________________________________________________________________________________________
11
Proceedings of the 16th IBPSA Conference
Rome, Italy, Sept. 2-4, 2019

________________________________________________________________________________________________
very common case in the professional practice due to the
few specific information available both in the evaluation
of existing buildings, and in the design of new buildings.
Analytic formulae
The RT has been calculated, as usual, using the wellknown Sabine and Eyring formulas.
Sabine’s formula (1) is the most used for calculating RT,
it was developed by Wallace Clement Sabine in early
1900 (Sabine, 1922):
RTSab=0.161 V [(Σ Si αi) + 4μV]1
3

(1)
3

with: V (m ) the net volume of the room; Si (m ) the area
of each surface; αi (-) the sound absorption coefficient of
each surface; μ (m-3) the air absorption coefficient.
Eyring’s formula (2) was proposed as a modification of
Sabine’s formula (Eyring, 1930), it can be used to rooms
with a great deal of absorption, “dead” rooms (i.e. with
αm higher than 0.5):
RTEyr=0.161 V [S ln(1–αm)  4μV]1

background noise levels that have been acquired during
the in situ measurements in the three classrooms. More
details about the measurements have been reported in the
following section.
Through software simulations have been possible to
determine RT values using Sabine and Eyring formulas,
named: RTSab/E and RTEyr/E, respectively. Furthermore,
using the AURA module (add-on to EASE software)
have possible to calculated more accurate values of RT
(RTAur/E) in all receiver positions. Obviously, in order to
allows a more detailed comparison with actual values,
the receiver positions have been arranged in the same
positions used for the in situ measurements.

C1

(2)

whit, in this case: αm (-) the average sound absorption
coefficient of the room, calculated as αm=[(ΣSiαi) S1].
Software simulations
The software simulations have been carried out using the
Enhanced Acoustic Simulator for Engineers software
(EASE 4.4). The simulations require a three-dimensional
model of the rooms that have been created using
SketchUp 2017 and subsequently imported to EASE 4.4
for the acoustic simulation. The SketchUp models have
been created modelling the envelope surfaces of the
rooms (i.e. walls, floor, dais and stepped, ceiling or false
ceiling, windows and doors) using bi-dimensional
surfaces, and desks and chairs using three-dimensional
surfaces (Figure 2). Note that, in order to allow EASE
4.4 to correctly recognize the model, it is necessary that
all the surfaces of the three-dimensional elements (i.e.
furnishings) are themselves envelope surfaces defining
the volume of the model itself. After loading the model
on EASE 4.4 the sound absorption coefficients used for
analytical formulas have been assigned to all surfaces
(Table 2). It can be observed that EASE 4.4 allows
simulations in third-octave band frequencies in the range
100÷10000Hz, but the sound absorption coefficients
directly insert have been only for the frequencies the
centre octave band in the range 125÷4000Hz because
only few information are available in literature. The
missing values have been determined by the software
interpolating from those of the centre octave band. In
this study, a null scattering coefficient has been applied
to all surfaces taking on EASE 4.4 default value. In
addition, in the simulation models and during the in situ
measurements the omnidirectional sound sources and
receivers has been placed in the same positions.
Figure 4 illustrates the source and microphone positions
scheme for the three analysed classrooms. The software
simulations have been carried out by using the actual

C2

C3

Figure 2: 3D models of the analysed classrooms (drawings not
in scale, see also Table 1).

Figure 3: Background noise levels used in the software
simulations (recorded through in situ measurements within the
analysed classrooms).
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C1

C2

C3

Figure 4: Scheme of source and microphone positioning for the analysed classrooms .
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measurements, the calibration of the sound level meter
has been done using a specific calibrator.
The experimental set-up used during the measurement
activity has been composed by: a sound level meter
Brüel&Kjær mod.2250 with a Class 1 prepolarized
diffuse-field microphone (IEC 61672-1), an omnidirectional power source Brüel&Kjær mod.4292-L, a
sound amplifier Brüel&Kjær mod.2716. A computer
with the Brüel&Kjær DIRAC 5.0 software has been used
to generate the sound signals, to acquire and to elaborate
the measurements. An audio interface Brüel&Kjær
mod.2716 has been used to allow the correct
interpretation of the input (from the sound level meter to
the computer) and output (from the computer to the
sound amplifier) sound signals.

Measurements
The measurement activity have been carried out
according to the “precision method” of the EN ISO
3382-2, (see Table 4). This method requires at least 2
different positions of the sound source, 3 microphone
positions, at least 12 measurements and 3 decays in each
microphone position.. In order to comply also with the
requirements fixed by EN ISO 3382-1, 6 microphone
positions has been used during the experimental activity
in each classroom, as required for rooms with less than
500 seats (see Table 4). The “nominal accuracy” of the
“precision method” is assumed to be better than 2.5% in
octave bands (EN 3382-2). The sound extinction has
been evaluated using the interrupted noise method. Such
method consisting in exciting the room with a pseudorandom pink noise (sound pressure level at 1.0m from
the source was approximately 100dB) and evaluating the
RT from the response of the room. Before and after the

Table 4: Numbers of measurements required by “precision method” according to EN 3382.
Measurements information
Source-microphone combinations
Source-positions
Microphone-positions
No. decays in each position
No. decay total

EN ISO 3382-1

EN ISO 3382-2

(≤ 500 seats)

(Precision Method)
12
≥2
≥3
3



6


C1

Room
C2

C3

18
2
9
3
54

20
2
10
3
60

28
2
14
3
84

Table 5: RT values obtained in unoccupied room conditions with the analytic formulas, software simulations and measurements.
Room

C1

C2

C3

f (Hz)
125
250
500
1000
2000
4000
125
250
500
1000
2000
4000
125
250
500
1000
2000
4000

Analytic formulas
RTSab (s)
RTEyr (s)
1.29
1.48
1.46
1.68
2.37
1.80
2.89
2.79
2.32
2.15
3.06
2.10
2.82
2.80
2.31
2.19
3.23
2.19

RTAur/E (s)

Software simulations
RTSab/E (s)

RTEyr/E (s)

Measurements
RTMeas (s)

1.29
1.43
1.46
1.69
2.22
1.55
2.91
2.79
2.30
2.06
2.96
1.99
2.68
2.62
2.15
2.00
2.96
1.97

1.30
1.47
1.42
1.60
2.30
1.72
2.93
2.83
2.34
2.14
3.16
2.12
2.67
2.65
2.20
2.07
3.15
2.11

1.24
1.41
1.36
1.53
2.24
1.68
2.84
2.74
2.25
2.06
3.09
2.07
2.58
2.56
2.11
1.98
3.08
2.05

1.25
1.44
1.61
1.74
1.83
1.68
2.38
2.44
2.23
2.46
2.39
2.08
2.34
2.12
2.33
2.50
2.43
2.05

1.23
1.41
1.39
1.62
2.31
1.75
2.80
2.70
2.23
2.06
2.98
2.05
2.72
2.7
2.21
2.10
3.16
2.14

The source positions have been chosen according to the
standard positions of the teacher during the lectures:
one in front of the blackboard (typical of frontal
lessons), and the other lateral next to the teacher’s desk
(typical lessons when the video-projector is active).
The microphone positions have been evenly distributed
in the area occupied by the students’ desks, considering
the following constraints: minimum distance of the
microphone from vertical walls 1.0m, minimum
distance between two microphone positions 2.0m.
According to EN 3382-2 for all measurements the
heights of the source and microphone above the floor

have been fixed to 1.5m and 1.2m, respectively. The
measurement activity has been carried out in
unoccupied room conditions during the late evening
when the university buildings were closed for the
students, in order to minimize the level of the
background noise. Under these conditions, the only
sources of background noise were the anthropic noise
produced outside of the building and the noise
produced by some electronic devices that remain active
even during the closure of the university building.
After each measurement the decay curve was starting
at least 45dB above the background noise in the
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corresponding frequency band (ANSI/ASA S12.60)
has been checked. In order to verify the repeatability of
the obtained results, at least 2 measurements for each
rooms (to reach the 18% of the total measurements)
have been carried out twice, obtaining negligible
deviations (lower than 2%) of the reverberation time
values. During the investigation in the sample of three
rooms, the RT values have been obtained for a total of
66 measurement points and a total of 198 number of
decay.

Results and Discussion
The obtained RT values, using the analytic formulas,
the software simulations and the in situ measurements
have been summarized in Table 5. In Table 6, the
average values of the RT, obtained in the different
points with the software simulations and the in situ
measurements, are shown. In Figure 5 the trends of the
RT values, in the range 125÷4000Hz, are shown. From
these results, it can be observed that the obtained RT
values (determined using Sabine and Eyring formulas
both with analytic calculus and with software
simulations) are very close, with a deviation lower than
10%. For this reason the models used for the
simulations can be considered validated (i.e. there are
no evident errors in the three-dimensional construction)
and it allowed to proceed with a more in depth
analysis. From software simulations it can also be
noted that RTSab is always higher than RTEyr, on the
contrary the RTSab/E is almost always lower than
RTEyr/E. From a comparison between the RT values
obtained with AURA simulations (RTAur/E), with those
obtained with analytic formulas, it can be observed that
the differences are very low for the three classrooms,
for all the analysed frequencies (see Figure 5).
Comparing the RT values obtained with the in situ
measurements with the others, it can be observed that
measured values result significantly different for
almost all frequencies (see Figure 5). In particular, for
the central frequencies (i.e. 500÷1000 Hz), it can be
noted that RTMeas values are always longer than
RTAur/E, on the contrary for the frequency of 2000 Hz
RTMeas values are always shorter than RTAur/E. At the
low frequencies (i.e. 125÷250 Hz) the differences
between the measured and simulated RT values are
very low for the classroom C1, and higher for the
classroom C2 and C3. At the frequency of 4000 Hz the
RT values obtained with the measurements are very
closed with the values obtained using the formulas and
simulations. Additional details on the deviation
between software simulations and in situ measurements
are showed in Table 6. The differences between RT
values obtained with analytic formulas and software
simulations, and the RT values obtained with the in situ
measurements can be referable to uncertainties on the
actual sound absorption coefficients. It is important to
remember that the sound absorption coefficients used
to solve the analytical formulas and conduct the
software simulations were unknown and were assumed
using the reference values provided in the technical

literature (Astolfi, 2012; Leccese, 2015b), see also
Table 2. Although this uncertainty is not negligible, the
lack of actual sound absorption coefficients represent a
very common case. It is necessary to keep in mind that
the traditional materials used in the building industry
(i.e. all the materials that do not have specific acoustic
performances), such as plaster or aluminium, are not
supplied with technical sheets with the sound
absorption coefficients. In Table 6 are shown the RT
values in unoccupied room conditions, obtained
through in situ measurements and software simulations
(values in brackets) for each microphone position, the
third value in each column represents the percentage
deviation between the two previous values. In the
Table 6 are also shown the RT average values (RTm),
calculated for the frequencies of 500 and 1000Hz, and
the root-mean square deviation (RSMD) of each
classroom. The RSMD is the square root of average of
squared errors and can be considered as a measure of
accuracy when forecasting data are compared with a
specific dataset.

C1

C2

C3

Figure 5: RT values obtained by analytic formulas, software
simulations and measurements in the analysed classrooms.
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Table 6: RT values (s) in unoccupied room conditions, obtained through in situ measurements and software simulations (values in
brackets) for each microphone position, the third value in each column represents the percentage deviation between the two previous
values. In the Table are also shown the RT average values (RTm), calculated for the frequencies of 500 and 1000Hz, and the rootmean square deviation (RSMD) of each classroom.
500 Hz

M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12
M13
M14
RTm
RSMD

1000 Hz

C1

C2

C3

C1

C2

C3

1.61 (1.42) 11.8%
1.57 (1.85) 17.8%
1.59 (1.23) 22.6%
1.58 (1.30) 17.7%
1.67 (1.25) 25.1%
1.63 (1.64) 0.6%
1.67 (1.36) 18.6%
1.55 (1.61) 3.2%

2.22 (2.34) 5.4%
2.14 (2.42) 13.1%
2.21 (2.31) 4.5%
2.23 (2.25) 0.9%
2.23 (2.17) 2.7%
2.22 (2.23) 0.5%
2.19 (2.28) 4.1%
2.24 (2.31) 3.1%
2.38 (2.24) 5.9%
2.24 (2.40) 7.1%

1.73 (1.77) 2.3%
1.75 (1.59) 9.1%
1.70 (2.13) 25.3%
1.69 (1.78) 5.3%
1.71 (1.66) 2.9%
1.86 (1.27) 31.7%
1.75 (1.74) 0.6%
1.69 (1.60) 5.3%

2.38 (2.03) 14.7%
2.39 (2.11) 11.7%
2.48 (2.07) 16.5%
2.49 (2.13) 14.5%
2.45 (2.07) 15.5%
2.56 (2.20) 14.1%
2.50 (2.02) 19.2%
2.43 (1.95) 19.8%
2.41 (2.03) 15.8%
2.46 (1.98) 19.5%

1.61 (1.46) 9.5%
0.27

2.23 (2.30) 3.1%
0.13

2.30 (2.14) 7.0%
2.35 (2.12) 9.8%
2.34 (2.23) 4.7%
2.31 (2.10) 9.1%
2.21 (2.15) 2.7%
2.40 (2.16) 10.0%
2.39 (2.12) 11.3%
2.37 (2.20) 7.2%
2.35 (2.17) 7.7%
2.30 (2.05) 10.9%
2.22 (2.12) 4.5%
2.37 (2.27) 4.2%
2.42 (2.11) 12.8%
2.51 (2.11) 15.9%
2.33 (2.15) 7.7%
0.22

1.74 (1.69) 2.9%
0.27

2.46 (2.06) 16.3%
0.40

2.41 (1.93) 19.9%
2.50 (1.94) 22.4%
2.48 (1.92) 22.6%
2.54 (2.01) 20.9%
2.52 (2.01) 20.2%
2.51 (2.02) 19.5%
2.51 (1.94) 22.7%
2.54 (2.02) 20.5%
2.49 (1.94) 22.1%
2.52 (2.09) 17.1%
2.47 (2.08) 15.8%
2.50 (2.03) 18.8%
2.49 (1.97) 20.9%
2.47 (2.06) 16.6%
2.50 (2.00) 20.0%
0.50

Indeed the effect of each error on RMSD is
proportional to the size of the squared error that means
that it is sensitive to the outliers. RMSD is calculated
as follows:
RMSD={[Σ(RTAur/E – RTMeas)2] N1}1/2

(3)

where the summation is extended to the measurement
points of each classroom and N is the number of
microphone positions.
From the values reported in Table 6, it is possible to
note that at the frequency of 500 Hz, the lowest value
of the percentage deviation has been obtained in the
measurement point M6 of the classroom C2 (0.5%) and
the highest value deviation has been obtained in the
measurement point M5 of the classroom C1 (25.1%).
For the frequency of 1000 Hz the lowest, and the
highest values of the percentage deviation have been
obtained both in the classroom C1 in the measurement
points M7 (0.6%), and M6 (31.7%). Analysing the
average values of the percentage deviation (referred to
RTm values), at the frequency of 500 Hz, the minimum
value has been obtained for the classroom C2 (3.1%)
and the maximum value has been obtained for the
classroom C1 (9.5%). At the frequency of 1000 Hz, the
minimum value has been obtained for the classroom
C1 (2.9%), and the maximum value has been obtained
for the classroom C3 (20.0%).
Analysing the RSMD values, at the frequency of
500Hz the minimum value has been obtained for
classroom C2 (0.13 s) and the maximum value has
been obtained for the classroom C1 (0.27 s). At the
frequency of 1000 Hz, the minimum value has been
obtained for the classroom C1 (0.27 s), and the
maximum value has been obtained for the classroom
C3 (0.50 s). In Figure 6, the RSMD values at different
frequencies for the three classrooms are shown. From

Figure 6 it is possible to observe that at 4000 Hz the
RSMD values are very low. Indeed, at this frequency
also the values of RTMeas and RTAur/E are very close
(Table 5). In all the analysed classrooms the RSMD
values are different for the various frequencies, though
the obtained RT values are quite similar. The minimum
RSMD values are reached at 500 Hz and 4000 Hz,
while the maximum values are obtained at 250 Hz and
2000 Hz. At the frequency of 125 Hz has been
obtained a higher discrepancy of the RSMD values,
especially for the classrooms C1 and C2.

Figure 6: Trends of the RSMD between RT values
measured and simulated for the three classrooms.

Conclusive remarks
In this paper a comparison among the different
methods to determine the reverberation time is
proposed with the aim of providing the related degree
of uncertainty. As a case study, three university
classrooms (School of Engineering – University of
Pisa) were chosen because in these environments the
quality of listening is extremely important for the
success of the learning process. From the obtained
results it is possible to point out that for all three
analysed classrooms, for most of the frequencies, there
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is not a good agreement between the measured and the
simulated values, both punctual and average values.
These results should not be surprising since, despite a
correct three-dimensional modelling, the deviation
between simulated and real values (in situ measured
with standard procedures) is strongly dependent on the
used sound absorption coefficients.
In conclusion, during the preliminary design stage
(building not yet realized), acoustic designers, while
carrying out an accurate modelling, should assume a
series of uncertainties related to the choice of sound
absorption coefficients of building materials whose
acoustic performances are generally not known, and
which can easily lead to significant changes in the
expected reverberation time. These uncertainties can be
particularly detrimental in learning environments
where incorrect acoustic conditions can have higher
impact than other types of environments.
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Abstract
Open-air theatres are considered unconventional
environments for acoustic simulations: they usually do
not preserve the scenae and are only characterised by the
cavea and the orchestra, which lead to very few important
reflections. There is still debate on the most suitable
parameters to be used for the model calibration according
to measured data. In this study the model of the ancient
theatre of Syracusae has been simulated with a
geometrical acoustic-based software, Odeon (v13.2). In
particular this work aims to investigate whether G
(Strength) and DRR (Direct-to-Reverberant Ratio) could
be considered as suitable parameters to be used for the
calibration of measured data and to test the design of new
scenarios.

Introduction
Ancient theatres represent a particular type of
environment that has its own specific sound field, which
is rather different from the approximated diffuse field
within closed spaces. The ongoing research on these
environments has shown that already existing objective
parameters (ISO 3382-1, 2009) used for indoor spaces do
not describe properly the actual acoustic conditions. The
ISO 3382-1 standard (2009) room acoustic parameters,
such as the Early Decay Time (EDT), Reverberation Time
(RT), Clarity (C80), and Sound Strength (G) have been
used in the European ERATO project (Rindel, 2006). It
was shown that since the ISO 3382-1 parameters and
temporal decay parameters seem to be less suitable for
open-air theatres (Chourmouziadou and Kang, 2008;
Farnetani et al., 2008; Iannace et al., 2013; Iannace and
Trematerra, 2014; Mo and Wang, 2013). Farnetani et al.
(2008) showed how the EDT parameter could not be
considered a good descriptor since it is strongly affected
by the delay and incidence direction of the first reflections
to the receivers. These aspects are related to the position
of the sound source. Moreover, also the RT shows
different characteristics compared to the common
definition used for the description of the indoor
environments approximating these spaces according to
the classical reverberation theory. Mo and Wang (2013)
showed that the conventional RT described in ISO 33821 (2009) which only deals with the sound energy decay
rate, is not suitable for evaluating the reverberance of an
unroofed space. However, Chourmouziadou et al. (2008)
suggested that when comparative studies are performed,
RT could be an acceptable compromise.

Based on the recent debate on the topic it emerges that the
assessment of the most appropriate acoustic parameters
becomes crucial when the reuse of the ancient theatres is
considered, since these involves very often also the
addition of architectural parts which might substantially
vary the acoustics and affect the performance. In these
cases, the virtual reconstruction of the theatre, using room
acoustics simulation software is a useful approach.
Although these methods have been largely validated and
their accuracy has been tested through comparisons with
measured data, they are still object of continuous research
and improvements (Vorländer, 2013). Different Round
Robin tests have been performed in order to compare the
algorithms of the room acoustic modelling tools
(Vorländer, 1995; Bork, 2000; Bork, 2005).
Usually there are three important steps that need to be
followed in order to simulate a given environment: (1)
adequately simplified geometry modelling; (2)
assignment of the material properties of each surface; and
(3) appropriate simulation settings. The first and the third
step are the result of very strict rules gathered through
continuous experiments, while the second step is still
affected by the lack of important material databases and
on the errors that can be made when trying to describe the
acoustical properties by their visual inspection. Therefore,
it is evident that this procedure, namely, the calibration of
the model, is not trivial for open-air theatres which are
made apparently from the same material but affected by
different stages of degradation that might not result so
evident to a visual inspection. Moreover, the acoustic
scattering and diffraction phenomena are more relevant
than in closed theatres (Lisa et al., 2004), therefore also
the algorithms implemented for these calculations are of
great importance (Gade et al., 2005). It was reported that
the specific uncertainties that characterise the values of
the absorption coefficient (αw) and scattering coefficient
(s) of materials could affect the accuracy of room acoustic
(Vorländer, 2013; ISO, 2003; ISO, 2004). The acoustic
parameters are descriptive numerical indexes derived
from simulated Impulse Responses (IR) or from energy
reflectograms. Therefore, they are strongly affected by the
structure of the reflections in an IR. For ancient theatres,
the IRs are composed of the direct sound and of two major
reflections, which come from the orchestra floor and the
scaenae frons (the ancient stage building) (Farnetani et
al., 2008). It is obvious that these reflections are strongly
affected by the state of conservation of the theatre.
Moreover, the configuration of the steps of the cavea are
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of great importance since they are strongly characterized
by a high number of scattered reflections (Farnetani et al.,
2007). Therefore, the results will be strongly dependent
on the geometrical approximations and the scattering
algorithm of the geometrical acoustic-based (GA)
software, e.g. Odeon (Christensen and Koutsoris, 2015).
There are also other simulation wave-based methods that
need to be further explored regarding open-air theatres
(Lokki et al., 2013). However, most of researchers and
practitioners still rely on GA tools and they have to deal
with the challenges presented by the ancient theatres: no
conventional reverberant field due to the absence of the
roof which mainly affects the construction of the late part
of the IRs; and presence of shadow zones due to a concave
shape and the mirroring surfaces in great lateral areas of
the cavea (Lisa et al., 2004), which affect the construction
of the early part of the IRs.
As seen, the usage of the GA algorithms on the open-air
theatres, as well as the application of the indoor
parameters from (ISO-3382-1, 2009), is still matter of
continuous discussions and research. The aim of this work
is to assess the performance of a predictive software
through the evaluation two acoustic parameters, that is
Sound Strength (G) and Direct-to-Reverberant Ratio
(DRR) from the simulated IRs in the space of an ancient
theatre. The ancient theatre of Syracusae (SR) has been
considered as a case study. The objective is to give more
insight about the relation of the sensitivity of the
simulated results to the input parameters, in particular
absorption and scattering coefficient assigned to the
materials. The SR could be considered a valid archetype
model since it is free of contemporary additional
structures that might variate its acoustic behaviour. The
SR model has been studied in a previous study (Bo et al.,
2018), which showed a preliminary benchmark procedure
usually performed for indoor environments (Vorländer,
1995; Bork, 2000; Bork, 2005) applied on an ancient
open-air theatre. The same methodology has been used
also in the present study.

Methods
A measurement campaign has been performed in the
theatre of Syracusae (SR) by the Department of Energy at
the Politecnico di Torino, from the 5th to 7th September
2015. The in-situ measurements campaign according to
ISO 3382 have been described in detail in Bo et al. (2018).
This case study (Figure 1) has Greek origins, dating back
to the 5th century BC. It has been later modified by the
Romans and has been subject to different damages during
the centuries. It is difficult to individuate the original
scaenae frons. However, the visible part of the surviving
rock-cut cavea can be recognized and measures a
diameter of 105 m. The 3D model of SR has been built for
Odeon (O), following a few approximations that could not
take into account the damages present in the real
conditions. The simulation method and algorithms
implemented in Odeon have been validated in Round
Robin tests (Vorländer, 1995; Bork, 2000; Bork, 2005).
Nowadays, this open-air theatre is intensively used during
cyclic summer season festivals in its current (deteriorated)

condition, thus it is very important to characterize this
space acoustically and to give the possibility to
acousticians and designers to make a conscious
intervention by adding new temporary elements that could
effectively improve the acoustic of the performance.
Moreover, the acoustic measurements are made also for
conservation purposes. Therefore, this study concerns the
“historical acoustics” research field, which is the study of
the auditory and acoustic environment of historic sites and
monuments (Scarre and Lawson, 2006), with a
valorisation purpose. Since it was possible to perform the
measurements, also the models have been considered
without the presence of the audience.

Figure 1: Present conditions of the ancient theatre of
Syracusae, whole theatre (a) and cavea details (b, c).
Theatre models
The measurements configuration of microphones and
sources has been used also in the simulation model. The
comparisons usually require precise input data regarding
the acoustic properties of the materials, that is scattering
and absorption coefficient. Thus, a more detailed analysis
on the effects of the absorption and scattering coefficient
variation was proposed.
The SR model has previously been used in different
investigations, e.g., simulations concerning its ancient
conditions, during the European ERATO project (Rindel,
2006) and in investigations on its contemporary use (Bo,
et al., 2015). Figure 2 shows the 3D model configuration,
plan and section of SR. Red point in the orchestra (S1)
represents the source position. Blue points in the cavea
(from 1 to 10) indicate the receiver positions.
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mean lower difference than the JND (Just Noticeable
Difference) of the parameters. Most of the JNDs of the
main parameters are given in ISO 3382-1 (2009). The
model considered here was calibrated under the testing of
twenty alternative materials, with αw equal to 0.05, 0.10,
0.15, and 0.20, and with s equal to 0.25, 0.40, 0.55, 0.70,
and 0.85. The matrix is shown in Table 1: s values
correspond to a mean value at 500-1000 Hz, while αw is
obtained according to the ISO 354 (2003). These
variability in the acoustic materials might be considered
acceptable since it is based on the possibility of having
different degrees of damage on the steps of the cavea. For
example, it considers the case of the scattering
coefficients of 0.85 (Cox and D’Antonio, 2004), which
represents a perfectly preserved periodic triangular
section with an angle of 45°, and a scattering of 0.25,
which refers to a heavily damaged cavea.
Table 1: Absorption (αw)and scattering (s) coefficients
used to characterise the materials chosen for the cavea
in 20 combinations, i.e. four scattering alternatives for
each absorption coefficient.
Variable
s [-]
αw [-]

0.25
0.05
0.10
0.15
0.20

0.40
0.05
0.10
0.15
0.20

Values
0.55
0.05
0.10
0.15
0.20

0.70
0.05
0.10
0.15
0.20

0.85
0.05
0.10
0.15
0.20

Figure 2: 3D model and source-receiver simulation setup of SR in Odeon (a). Source-receiver set-up is shown,
in plan and in section – not at the same scale (b).
As in Bo et al. (2018), the following settings have been
considered:
● A 100-dB source sound power level, 1500 ms as the
impulse response length, and 4 million rays.
● The Transition Order (TO) in Odeon was limited to 1,
since it better resembles the impulse response
characteristics in the real condition with only one
specular reflection from the stage floor (Christensen
and Koutsoris, 2015).
● The environmental data considered in both of the
prediction tools were those obtained during the in-situ
measurements (t = 33 °C, RH = 65%).
Obviously, the aim of acoustical simulations is to obtain
predictions that would closely match measured data. In
fact, in order to enable a better acoustic design of existing
buildings, the simulations first need to replicate the real
acoustical conditions of the examined environment. This
procedure is considered as the calibration phase of the
model and requires a comparison to measured data in the
same conditions built in the model.
A well-calibrated model should minimize the perceivable
differences between simulation and measurements for any
considered acoustic parameter. To achieve this, the
material characteristics were adjusted in order to obtain a

Figure 3: Measured IR in SR for R5 position (a), and
corresponding IRs simulated with Odeon (b).
Parameters
A careful analysis of the typical impulse response
measured in the SR theatre shows that beyond the direct
sound and the strong reflection from the orchestra floor,
minor early and late energy contributions from sound
diffusion are observed (Figure 3). This texture could be
observed also in the simulated impulse responses.
Based on the approximations of the algorithms
implemented in Odeon, more generally in GA-based
software, the prediction of the early reflections is based
on a deterministic method (namely image sources
method), while the sound tail is generally based on a
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stochastic approach (namely ray-tracing method), which
closely depends on the specific scattering and diffraction
algorithms. The simulation of open-air spaces is thus
affected by uncertainties due to the settings of these two
properties. As reported also in the previous section, for
this reason, more insight is needed, especially in
controlling the boundary conditions and input data for
better matching the measurements results. Since it is
difficult to have a high accuracy in the comparisons
performed through a visual inspection of the overlapping
of the simulated and measured IRs, the use of objective
measures might be a useful and practical alternative.
However, most of the usually adopted room acoustical
parameters do not suit the unconventional acoustic sound
field of these theatres and might not be informing properly
the calibration and design processes (Chourmouziadou
and Kang, 2008; Farnetani et al., 2008; Iannace,
Trematerra and Masullo, 2013; Iannace and Trematerra,
2014; Mo and Wang, 2013). This study focuses on two
simulated objective parameters – i.e. Sound Strength (G)
and Direct-to-Reverberant-Ratio (DRR). While G is
widely considered as one of the most reliable parameters
in open-air theatres characterization, the DRR is newly
introduced.
Sound Strength, G, (dB) is the logarithmic ratio of the
measured sound energy (i.e., the squared and integrated
sound pressure) to the sound energy that would arise in a
free field at a distance of 10 m from a calibrated
omnidirectional sound source. The Equations (1) is given
in ISO 3382-1 (2009) – specified then by (2) and (3) - as
well as its JND, which equals 1 dB.
∞

𝐺 = 10 𝑙𝑜𝑔

∫0 𝑝2 (𝑡)𝑑𝑡

∞ 2
(𝑡)𝑑𝑡
∫0 𝑝10

= 𝐿𝑝𝐸 − 𝐿𝑝𝐸,10

(1)

in which
∞ 𝑝2 (𝑡)𝑑𝑡

1

𝐿𝑝𝐸 = 10 𝑙𝑔 [ ∫0
𝑇

𝑝02

0

]

(2)

and
1

2 (𝑡)𝑑𝑡
∞ 𝑝10

𝐿𝑝𝐸,10 = 10 𝑙𝑔 [ ∫0
𝑇
0

𝑝02

]

(3)

where
-p(t) is the instantaneous sound pressure of the impulse
response measured at the measurement point;
-p10(t) is the instantaneous sound pressure of the impulse
response measured at a distance of 10 m in a free field;
-LpE (dB) is the sound exposure level of p(t);
-LpE,10 (dB) is the sound exposure level of p10(t);
-p0 is the reference sound pressure of 20 μPa;
-T0 is the reference time interval of 1 s.
In the above equations, t = 0 corresponds to the start of
the direct sound, i.e. which corresponds to the arrival of
the direct sound at the receiver, and ∞ should correspond
to a time that is greater than or equal to the point at which
the decay curve has decreased by 30 dB.
G requires a calibration procedure for the sound power of
the source. Different procedures have been described in

the ISO 3382-1 standard. Further details on the
measurement procedure and calibration for G can be
found in Bo et al. (2018).
Direct-to-reverberant ratio, DRR, which corresponds to
the comparison between the ratio of the energy between
the direct peak (D) and the reflections (energetic
component of the IR shown in Figure 3). DRR is defined
by the following Equation (4):

𝐷𝑅𝑅 ≡ 10𝑙𝑜𝑔

𝜏
∫0 ℎ2 (𝜏)𝑑𝜏
∞

∫𝜏 ℎ2 (𝜏)𝑑𝜏

(4)

where
- h(n) is the IR samples between two positions;
- τ is the chosen time that separates the direct sound from
all the reflections in the IR (typically 2 – 3 ms).
The interval between direct and reflected sound is
indicated as ∆t in Figure 3. As noticeable, in case of
absence of scaenae frons, the main reflected contribution
is given by the floor.
This parameter was chosen because for open-air theatres
spaciousness is a fundamental component of the listening
experience. In fact, DRR is considered an important cue
for sound source distance judgments: in absence of sound
reflections, distance is confounded with intensity at the
ear. This means that, without reflections, is nearly
impossible to assess the distance of a sound source from
a receiver. There have been few researches regarding this
parameter. However, it is still under study. The definition
of the JND for this parameter has been object of different
studies. The earliest contributions were proposed in the
late 1960’s, by Reichardt and Schmidt (1966) and
Reichardt and Schmidt (1967), who explored spatial
impression by examining the importance of reflections
from well-defined directions between the direct and
reverberant sound fields. In a “fully anechoic”
environment, JND was established as 2 dB (with DRR
equal to 0 dB).
Zahorik (2002) used acoustic simulations to assess the
JNDDRR. Four different signals (two types of noises, a
speech, and an impulse) were used, varying the overall
intensity level of the signals, and this was the main
difference with the previous study. In this case, the results
showed roughly constant JNDs of 5 – 6 dB (with DRRs
equals to 0, 10, and 20 dB).
Finally, Larsen et al. (2008), conducted psychophysical
experiments where a wideband noise was employed to
determinate the JND (with DRRs equals to -10, 0, 10 and
20 dB), taking into consideration also spectral cues. This
allowed determining a higher sensitivity at 0 and 10 dB
DRR, with JND of 2 – 3 dB, while a much lower
sensitivity at – 10 and 20 dB DRR. This result confirmed
the aforementioned Reichardt and Schmidt findings.
Since in the case of open-air theatre, the first reflection is
quite similar to the direct sound, we expect DRR values
around 0. Thus, in this work the assumed JND is 2 dB.
All the simulated IRs have been exported in wav format
from both software and have been analysed by means of
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the same tool, i.e. Aurora, version 4.4, regarding the
estimation of the G values. While, the DRR values have
been assessed by an in-house script implemented by the
authors.

obtained by a two-dimensional data interpolation using
the MATLAB function “interp2” with the “spline”
method active. This method was chosen in order to have
smooth first and second derivatives throughout the
curves. Figures 4a and 4b, refer to parameter G and DRR,
respectively. The light-yellow colour in the graphs shows
the αw and s combinations for which the simulated values
were closest to the measured ones.
The results show that depending on which parameter is
considered, the best agreement between the simulated and
measured values could not be obtained for the same
combination of αw and s. For G, the best matching
between measured and simulated values occurs with low
absorption values over the whole range of scattering
coefficients (s≥0.40). In the case of DRR the best
calibration values are also for low values of αw and s in
the range 0.50-0.65.However, both parameters show an
agreement that is obtained in a range around the values of
αw = 0.10 and s = 0.55. Thus, this combination was
considered useful for the calibration of the model.
Table 2: Mean values of the measured (M) and
simulated (S) G and DRR for the source in position S1.
The simulated models are calibrated with α w=0.1 and
s=0.55. The values that differ more than 1 JND from the
measured values are in bold.
Row
First
row

Figure 4: Sum of Absolute Differences (SAD) between
the measured and simulated values over all the receivers
for G values (a), averaged between 500 Hz and 1 kHz,
and broadband DRR (b).

Results
The behaviour of the two simulated parameters was
observed in Odeon and compared to measured results.
Twenty material alternatives – obtained through the
variation of absorption and scattering coefficients, α and
s – were tested in order to explore potential differences.
This process offered new insights into the sensitivity of
the simulation tools to the variation of the input variables
αw and s values of the cavea’ surface and its variations.
The differences for all the receivers between the measured
and simulated results are shown in Figure 4 for 20
alternative combinations of absorption and scattering. The
iso-level curves shown in Figure 4 were based on SAD,
in decibels. i.e., the Sum of the Absolute Differences
between the simulated values, sn, and the measured ones,
mn, for each receiver, expressed by Equation (5) (Li, Ding
and Zhang, 2011), were n is equal to the number of
receivers in the theatre:
𝑆𝐴𝐷 = ∑𝑛1|𝑠𝑛 − 𝑚𝑛 |

(5)

The lowest is the SAD the better is the agreement between
simulated and measured values. The curves have been

Rec

M

S

R3

1.7

0.5

R6

4.6

R9

3.4
3.2

S

−0.3

−1.7

4.7

−0.9

−2.3

-0.3

−2.5

−1.8

1.6

−1.2

−1.9

-3.2

1.9

−4.8

−6.7

R5

-2.4

1.7

−5.4

−7.1

R8

-2.4

1.5

−6.0

−7.0

−5.4

−6.9

R2

spatial
mean
Third
row

-2.7

1.7

R1

-2.5

2.2

−7.8

−9.0

R4

-2.1

2.0

−8.0

−9.8

R7

-0.2

1.9

−9.3

−9.8

−8.4

−9.5

−10.2

−11.4

spatial
mean
Last
row

G (dB)
M

spatial
mean
Second
row

DRR (dB)

-1.6
R10

-0.1

2.0
2.1

Table 2 shows all the measured values and the simulated
ones of G and DRR for the calibrated model of SR. The
G values are averaged over the central 500 Hz and 1 kHz
octave-band frequencies and spatial values have been
added for each row. The DRR values are broadband, and
again spatial values have been added for each row.
For both G and DRR, the differences between the average
simulated values for each row are always within or quite
close the JND compared to measured values.
A good agreement has been shown between the results as
can be seen from the graph in Figure 5, where the average
G for each row is represented along the average distance
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from the source, in the cases of measurements and
simulations. As already shown in Bo et al. (2018), the
software correctly simulates the reduction of G with the
distance from the source, with slopes in dB per distance
doubling (dB/dd) that is 6.6 dB/dd compared to 6.3 dB/dd
for the measurements.

parameter in the calibration process. Moreover, it
suggests further possible variations of the geometrical
model in order to calibrate the reflections with respect to
the direct sound. This modifications will be addressed in
the future to test the sensitivity of the software with
respect to the model geometrical approximations.

Discussion and conclusions

Figure 5: G values averaged over 500 Hz and 1 kHz
octave-band frequencies, and for each row, represented
along the average distance from the source.

Figure 6: Broadband DRR values averaged for each
row, represented along the average distance from the
source.
In Figure 6, the average DRR for each row is also
represented along the average distance from the source
S1. The results show that the DRR has a different trend
for the simulations and measurements. For the
simulations, the values are almost constant with the
distance from the source, i.e. almost within the JND limit
of 2 dB. On the other side, measured values state a very
different behaviour, which underline a prevalence of the
direct sound in the first rows that is overcame by the
reflected sound at the second and third rows, and reach a
balance very far from the source, at the fourth row. The
reason could be the presence of the reflected energy that
is scattered from the cavea and that contribute to the
increase in the reflected sound of the second and third
rows. This result highlights the importance of the DRR

This paper dealt with the investigation in the use of a GAbased software, Odeon, in the simulation of two
parameters, Strength (G) and Direct-to-Reverberant Ratio
(DRR) in an ancient open-air theatre. It was shown that
there is a number of limitations in the methodological
approach implemented in the present study, which are
mainly related to the actual applicability of the ISO 33821 (2009), intended for roofed performance spaces, to
open-air environments. This has been highlighted also in
the previous study that dealt with other ISO parameters.
The major drawback, for the state of the art of GA
modelling software, is that the different simulation tools
require different input data (Lam, 1996). In practice, the
absorption and scattering coefficient values are calibrated,
i.e. varied within the range of their measurement
uncertainty, in order to match the simulation results to the
measured values. This may result in different values of
these coefficients for different software. However, the
methodology showed here, demonstrated that the
accuracy of GA software can be improved and that the
results could be suitable when the aim is to investigate
design alternatives, given an accurate calibration of the
initial model.
A lower sensitivity is indicated for Odeon software, as
visible from Figure 4 for both G and DRR results. Both
software parameters lead towards the same combination
of absorption and scattering, which is αw = 0.10 and s =
0.55, and thus this combination can be considered for the
calibration of the model and further design alternatives
can be tested. The good matching between measured and
calculated values for G along the distance from the source
confirm the correct choice of the initial parameters. From
the current choice of αw = 0.10 and s = 0.55, the DRR was
found to be less variable with the distance. This was not
encountered in the measurements which showed a
different trend. This suggested that further possible
approximations on the geometrical construction of the
model could be tested in order to balance the reflections
with respect to the direct sound.
Future studies will consider different simulation settings
and different software to compare measured and
simulated data. Subjective tests will be also conducted,
which will suggest the most reliable parameter for openair theatres simulations. Other ISO 3382-1 quantities will
be also considered for the calibration, such as Clarity C50
end Early Decay Time, as well as binaural parameters that
are not included in the standard but that can be object of
future investigation.
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Abstract
This work concerns the use of FEM (Finite Element
Methods) software to predict the vibration reduction
index Kij of several T-shaped junctions of both traditional
heavy and lightweight structures. Much has been done so
far with respect to FEM simulations of thermal bridges,
but such methodology is not yet widespread in the field of
acoustics. Research is needed to provide simplified
formulas to be included in the new releases of the EN ISO
12354-1 standard, to overcome discrepancies between
calculated and measured values. This should be done
particularly for heavy junctions and combinations of
heavy and lightweight junctions. In this study a validation
of the simulation method has been shown, after its
application to simple T-joints typical of traditional
building constructions. The intention in the future is to use
numerical simulations to provide data or formulas on Kij
for more complex types of junctions and to validate
simulations with in-laboratory measurements.

Introduction
Measurement and prediction of Kij
In the field of construction, in addition to structural and
thermal design, sound insulation design has gained a
crucial role as strict standards have been introduced in
Europe in the field of outdoor noise protection (Directive
2002/49/EU, 2002).
Between two adjacent rooms, sound travels via the
separating element, i.e. by direct transmission, but also
through the many other building elements that are
connected to the separating wall. This indirect
transmission is indicated as flanking transmission and it
is often critical in determining the in-situ sound insulation
(Hopkins, 2007). In the European Standards EN ISO
12354 (2017), for the estimation of acoustic performance
of buildings, and EN 10848 (2017), for the laboratory and
in-situ measurement of flanking transmission in
buildings, the vibration reduction index, Kij, was
introduced as a descriptor of the transmission of vibration
waves across a junction of walls. It is defined according
to the following expression:

𝐾𝑖𝑗 = ̅̅̅̅̅̅
𝐷𝑣,𝑖𝑗 + 10log (

𝑙𝑖𝑗

√𝑎𝑖 𝑎𝑗

)

(1)

Where 𝑙𝑖𝑗 is the common length of the junction between
element i and j, in meters, ̅̅̅̅̅̅
𝐷𝑣,𝑖𝑗 is the direction-averaged
vibration level difference, in decibels, and a is the
equivalent absorption length of the junction i and j, in
meters. The direction-averaged vibration level difference,
̅̅̅̅̅̅
𝐷𝑣,𝑖𝑗 , is obtained as:
𝐷 +𝐷
̅̅̅̅̅̅
𝐷𝑣,𝑖𝑗 =  𝑣,𝑖𝑗 2 𝑣,𝑗𝑖

(2)

Where 𝐷𝑣,𝑖𝑗 is the velocity level difference between the
source element i and the receiver element j, in decibels
and vice versa for 𝐷𝑣,𝑗𝑖 .
The equivalent absorption length of the element i, ai, in
meters, is calculated from:

𝑎 =

2.2𝜋 2 𝑆
𝑐0 𝑇𝑠

𝑓𝑟𝑒𝑓

√

𝑓

(3)

Where S is the area of element i or j, in square meters, Ts
is the structural reverberation time of the element i or j, in
seconds, f is the octave or one-third octave band center
frequency, in Hertz, c0 is the speed of sound in air, in
meters per second, and fref is the reference frequency of 1
kHz. Ts can be calculated as:
2.2

𝑇𝑠 =  𝑓𝜂

(4)

𝑡𝑜𝑡

Where tot is the total loss factor, which includes the
internal loss factor, the losses due to radiation and the
losses at the perimeter of the element. The in-situ total
loss factor can be estimated as:

𝜂𝑡𝑜𝑡 ≈ 0.01 + 

𝑐
√𝑓

(5)

Where c is a constant depending on the building system.
For masonry or concrete elements connected to other
heavy elements, c can be set equal to 1.
The equivalent absorption length is the length of a
fictional totally-absorbing edge of an element if its critical
frequency is assumed to be 1 kHz, giving the same loss as
the total losses of the element in a given situation.
Due to the corrections for absorption and dimensions of
the structures, Kij becomes invariant, i.e. only depending
on the type of junction and the materials and thickness of
the structures.
A reliable estimation of the vibration reduction index Kij
is crucial for the in-situ evaluation of the apparent sound
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reduction index, R’w, and for the normalized impact sound
pressure level, L’n, when the respective laboratory data R
and Ln are available (Gerretsen, 1986).
Annex E.3 of EN ISO 12354-1 (2017) provides empirical
formulas for the prediction of the frequency independent
Kij values in the case of rigid junctions, typical of heavy
homogeneous plates, and frequency dependent values
between lightweight double leaf walls and homogeneous
elements. These values are based on the mass-ratio at the
joint, i.e. on the quantity M, defined as:
𝑚′

𝑀 = 𝑙𝑜𝑔 ( 𝑚′⏊𝑖 )

(6)

𝑖

Where 𝑚′𝑖 is the mass per unit area (kg/m2) of the element
i in the transmission path ij, and 𝑚′⏊𝑖 is the mass per unit
area (kg/m2) of the perpendicular element to i at the
junction.
Annex F provides formulas for junctions between
lightweight elements, both characterized in terms of Kij or
directly in terms of ̅̅̅̅̅̅
𝐷𝑣,𝑖𝑗 .
Different shapes of junction are considered in the
standard, that are L-, T- and X-shapes.
In the EN ISO 12354 -1 (2017), in addition to Annex E.3,
which provides frequency independent Kij formulas for
rigid joints, typical of heavy constructions, based on
mass-ratio at the joint, the new Annex E.4 has been added
that provides Kij formulas for heavyweight walls in three
different frequency ranges (low-frequency range, 50 Hz
to 200 Hz, mid-frequency range, 250 Hz to 1 kHz, highfrequency range, 1.25 kHz to 5 kHz), derived from
numerical simulations.
The new formulas are based on the PC ratio, which is the
ratio of the characteristic moment-impedance, as a more
relevant quantity than M in the prediction of Kij data. PC
ratio equals the ratio Ψ/χ in Crispin et al. (2014). It is
defined as follows:

𝑃𝐶𝑟𝑎𝑡𝑖𝑜 = 

3/2
𝑓𝑐,𝑖
𝑚′⏊𝑖 
(
)
𝑚′𝑖 
𝑓𝑐,⏊𝑖 

(7)

Where 𝑓𝑐,𝑖 , 𝑓𝑐,⏊𝑖 is the critical frequency in Hz, of the
element i and of the element perpendicular to i in the ij
transmission path.
The critical frequency is calculated as:
𝑐2

3𝑚′ (1−𝜐2 )

𝑓𝑐 =  𝜋0 √

𝐸ℎ3

=

𝑐02 √3

(8)

𝜋ℎ𝑐𝐿

Where h is the plate thickness, in meters, E is the Young
modulus, in Newton per square meters,  is the Poisson
ratio, and cL is the quasi-longitudinal wave speed, in
meters per seconds.
The structure-borne power transmission factor, γij, is then
calculated as a function of the PC ratio from formulas in
Table E.1 of the EN ISO 12354-1 (2017), and then Kij as
follows:
𝐾𝑖𝑗 =  −10𝑙𝑔𝛾𝑖𝑗 + 5𝑙𝑔

𝑓𝑐,𝑗
𝑓𝑟𝑒𝑓

= −10𝑙𝑔𝛾𝑗𝑖 + 5𝑙𝑔

Where fref is the reference frequency of 1 kHz.

𝑓𝑐,𝑖
𝑓𝑟𝑒𝑓

(9)

Such an update of the Annex E has been considered
necessary since many researchers found discrepancies
between their findings and the empirical simplified
predictions (Schiavi and Astolfi, 2005; Crispin et al.
2006).
Background on the prediction formulas and outline of
the work
The approach followed by the frequency-independent
empirical formulas in Annex E.3 of EN ISO 12354-1
(2017), for heavy rigid junctions, considers only incident
and transmitted bending waves through the junction,
while a possible generation of in-plane waves is not
considered. The generation of in-plane waves at the
junction means that the resulting transmission coefficient
tends to vary with frequency, and in particular to affect
mid and high frequency ranges. To overcome such a
limitation, Hopkins (2014) used wave theory to determine
the vibration reduction index Kij considering both
“bending only” and “bending and in-plane” waves
transmission for several L, T-, X-junctions made of
different heavyweight materials with different
thicknesses. Regression analysis for the wave theory Kij
data was carried out for each junction using the quantity
M described in (6). Results showed the dependence of Kij
on frequency and the need of new empirical curves for
junctions of solid heavyweight walls/floors.
These results have been confirmed by Publet-Puig and
Guigou-Carter (2015), who performed both Finite
Element Method (FEM) and Spectral FEM (SFEM)
simulations to provide data and guidelines oriented to the
EN-12354 design method for flanking transmission in the
case of heavy-weight buildings.
Crispin et al. (2014) introduced the ratio of the
characteristic moment-impedance Ψ/χ as a more relevant
quantity than M in the prediction formulas of Kij data.
They used FEM simulations, which were validated with
measured data, and derived new prediction formulas for
T-rigid junctions and X-rigid junctions.
Other recent studies based on numerical simulations have
deepened the new quantity Ψ/χ as parameter to properly
predict Kij data in a great number of heavy-junctions
(Hopkins et al., 2016; Publet-Puig and Guigou-Carter,
2017). These works constitute the major contribution to
the new paragraph (E.4) included in Annex E in EN 12354
(2017). However, not all the estimations obtained by
means of numerical simulations have been verified with
measurements in real junctions. In fact, in the existing
literature a limited number of studies dealt with laboratory
measurements of Kij. Crispin et al. (2004 and 2006)
presented the data measured on both rigid junctions and
junctions with flexible interlayer made of cellular
concrete and/or concrete blocks using flanking
laboratories. They also compared Kij measures with the
prediction methods of the old release of the standard EN
12354-1 (2000) and of the SEA model and they found
preliminary discrepancies that have brought to the new
parameter Ψ/χ proposed in the above-mentioned Crispin
et al. (2014).
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In order to further provide formulas for Kij calculation in
the case of different building typologies and different
junction shapes, to be used by practitioners, a further step
is needed, which comprehends the simulation of Kij for
many possible junctions of heavyweight and lightweight
walls. The latter have not been deepened in literature so
well. These simulations should be verified with laboratory
measurements according to the EN 10848 standard (2017)
at least for some typical configurations, including the new
insights from Hopkins and Robinson (2014).
To fill in such a gap in the existing literature, the aim of
this work is to use FEM simulation to match the new
frequency dependent Kij values obtained with the new
formulas in the Annex E.4 of the standard, for simple Tshaped junctions, which belong to the traditional way of
construction. Particularly, heavyweight walls made of
concrete and masonry and a combination of heavyweight
walls and a lightweight element, i.e. a double leaf
plasterboard wall, have been considered.
For each junction, Kij values were evaluated through FEM
simulations and compared with the predictions according
to both Annex E.3 and E.4 of EN ISO 12354-1 (2017).
Half- scaled T-junctions were considered. The half-scaled
model complied with the theoretical background as
discussed by Kling (2007) and Crispin et al. (2017) and
reduced the simulation times.

FEM analysis
Description of the model
FEM analysis was carried out in order to determine the
velocity level difference 𝐷𝑣,𝑖𝑗 and 𝐷𝑣,𝑗𝑖 from which Kij has
been calculated according to formula (1). The analysis
was performed using the software COMSOL, in
particular the shell interfaces of the structural mechanics
module. Different T-junctions were modelled varying the
materials they were made up. The study is set in the
frequency domain.
A shell is a thin-walled structure in 3D where a simple
form is assumed for the variation of the displacement
through the thickness. In a shell model it is necessary to
provide the thickness, a possible offset and the elastic
material properties. In this study the shell models were
made considering the faces at the midplane of the real
geometry (see Figure 1). No offset was provided.

The plates of the junction are excited one at a time through
the rain on the roof excitation (Hopkins, 2007). A face
load is provided to the surface of the plate to be excited
(Figure 2). The load is defined as force per unit area. The
force has unity magnitude and random phase.
As shown in Figure 3, all the plate boundaries are set as
free boundaries except for the sides connected with the
floor, which are simply supported (Hopkins, 2007). The
floor is not included in the model. The joint line is a free
(unconstrained) node. According to Hopkins (2003), this
setting allows generation of both bending and in-plane
waves at medium and higher frequencies.
The FEM model is based on the assumption of thin plate
theory. At frequencies above the thin plate limit for
concrete/masonry walls, which are around 1 kHz
(Hopkins, 2007), thick plates behavior with shear
deformation and rotatory inertia may occur. However, the
comparison of measured and FEM predicted data does not
indicate that large errors were introduced with the thinwall approximation (Hopkins, 2003).
The temporal and spatial average mean-square velocity
over the surfaces has been obtained over a free triangular
mesh. Mesh elements have dimensions lower than λ/6
(where λ is the smallest wavelength of interest for the
study), according to Hopkins (2003) and Crispin et al.
(2014). The mesh of the shell model counts  4000
elements.

Figure 2: Face load on a plate of the T-junction in the
shell model.

Figure 3: Boundary conditions for the T-junction shell
model.

Figure 1: Example of a 3D shell model of a T-junction.

The frequency range covered one-third octave bands
between 250 Hz and 6300 Hz. Three Kij values,
corresponding to three frequencies in each band, were
calculated and averaged. This average value was assigned
to the central frequency of the band to give a single value
representing the band.
The frequency range 250-6300 Hz relates to the half-scale
model. In order to refer to the full-scale model frequency
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range, frequencies should be halved, i.e. results at 500 Hz
for half-scale correspond to 250 Hz in full-scale.
In a miniaturized facility, scaling all the dimensions of the
wall by a factor 2 ensures that the structure-borne sound
fields are similar when the frequency is increased by 2
(Crispin et al., 2017). This can be confirmed if the ratio
between the Young’s modulus and the material density as
well as the internal damping do not change along
frequencies (Kling, 2007). The main assumptions that
have been made in this work is that the Young’s modulus
and the internal loss factor of the half-scaled model in the
model frequency range match the Young’s modulus and
internal loss factor of the full-size facility, in the full-size
frequency range.
Table 1 and Figure 4 show the characteristics and the
dimensions of the half-scaled nodes, respectively. Tjunctions have been considered between conventional,
lightweight and reinforced concrete walls, double leaf
plasterboard and brick holed walls.
The wall thickness in real scale was determined to respect
the minimum requirement for dwellings of the Apparent
Sound Reduction Index, R’w, between rooms, equal to 50
dB, according to the 24 European Countries (Rasmussen,
2010). Calculations were made of R’w according to the
single-index method of the EN ISO 12354-1 (2017),
assuming as external wall and internal walls the layer
identified as i and j in Figure 4, respectively.
Table 1: Characteristics of the T-junctions. The
following abbreviations are used: CONV. for
Conventional concrete, PL. for Plasterboard, RE. for
Reinforced concrete. LI. for Lightweight concrete,
BRICKS for Brick holed.
ID
1
2
3
4

Layer
external
internal
external
internal
external
internal
external
internal

Material
CONV.
CONV.
CONV.
PL.
RE.
LI.
BRICKS
BRICKS

Depth (m)
0.1
0.1
0.1
0.09
0.1
0.1
0.15
0.15

Figure 4: Dimension of the half-scaled model of one of
the simulated T-junction.

The damping of the structure is taken into account through
the isotropic loss factor of the material. Table 2 shows all
the materials properties. Data are mostly derived from
literature and, in the case of the concrete layers, from
measurements performed in previous experiments. The
internal loss factor instead of the in-situ total loss factor
in (5) was applied in the model as first approximation (EN
ISO 12354-1, 2017). An EPS coat could have been added
to the T-junctions in order to simulate a real façade
covered with a thermal insulation layer, but its influence
on Kij has been considered negligible.
Table 2: Materials properties of the walls.
Material

Density
(kg/m3)

Young
modulus
(GPa)

Poisson
ratio

Internal
loss
factor

2400

30

0.2

0.01

1450

15

0.2

0.01

2200

41

0.2

0.01

1500

10.5

0.2

0.01

Plasterboard
(PL.)

860

1.7

0.3

0.0141

Steel
(ST.)

7800

199

0.28

0.0001

Fiberglass
(FB.)

36

0.2

0.3

0.18

Conventional
concrete
(CONV.)
Lightweight
concrete (LI.)
Reinforced
concrete
(RE.)
Brick holed
(BRICKS)

The T-junction n. 2 is intended between an external
homogeneous wall made of conventional concrete and a
plasterboard wall. The plasterboard wall was double leaf.
It consisted of two leaves of plasterboard (single layer 195
mm thick) and a single metal frame with a cavity depth of
50 mm (single metal frame 6 mm thick) filled with 50 mm
mineral wool. All the sizes are related to the half-scale
model. The metal frame was modelled as a series of 7
vertical metal laminates, normal to the plasterboard leaves
at a fixed mutual distance, and 2 horizontal laminates, one
at bottom and one on the top of the structure. The layer of
fiberglass was modelled by a vertical plane between the
plasterboard walls.
As far as the brick wall is concerned, it has been modelled
as a thin homogeneous isotropic plate. Walls made of
blocks, bricks, and slabs are not homogeneous and
isotropic due to the hollows inside them and the mortared
joints (Dijckmans and Vermeir, 2013; Santoni et al.,
2017; Santoni et al., 2019). Anyway, they can be
considered as first approximation homogeneous if the
dimensions of the holes are small and the volume of holes
is less than 15 % of the gross volume (EN 12354-1, 2017).
Moreover, for cast in situ block/brick walls with
horizontal and vertical joints mortared, the bending
stiffness is not usually more than 20% higher in one

________________________________________________________________________________________________
29
Proceedings of the 16th IBPSA Conference
Rome, Italy, Sept. 2-4, 2019

________________________________________________________________________________________________
direction than the other and thus it is reasonable to treat
these walls as isotropic (Hopkins, 2007).
Validation of the model
A FEM shell model of the H-junction reported in Hopkins
(2003) was created and then validated through
comparison with Dij measured by Hopkins. Figure 5
shows how the Dij results of our model fit the values
obtained in the reference for most of the frequency range.
Dissimilarities can be attributed to details in the
modelling such as mesh, element type, excitation points,
and post-processing, as underlined by Hopkins et al.
(2016).
The current study was performed in half-scale. Figure 6
shows the comparison between the Kij values obtained in
real-scale and in half-scale for a same simulated Tjunction. A good matching has been obtained for the two
simulations, which has brought to the use of half-scaled
models for the rest of the study.

Figure 5: Comparison between Dij obtained by Hopkins
(2013) (red line) and by a shell model created with
COMSOL (blu line) for the same junction.

Annex E.4 (B in the figures) of the standard EN ISO
12354-1 (2017). The frequency range 250-6300 Hz
relates to the half-scale model.
Kij formulas in the Annex E.3 are based on empirical
assumptions and are given with dependency on the mass
per unit area of the elements connected at the junction, as
shown in formula (6). According to the Annex E.3, Kij
formulas for junctions between rigid junctions, typical of
heavy homogeneous plates, are frequency independent,
while those between homogeneous elements and
lightweight double leaf walls are frequency dependent.
Frequency dependent Kij values are provided in the
Annex E.4 for junctions between homogeneous, isotropic
plates, that are based on numerical simulations. The
formulas in Annex E.4 have been also validated with inlaboratory measurements (Hopkins et al., 2016).
From the results it can be seen that the frequency
behaviour is very similar to that provided from the Annex
E.4 of the EN ISO 12354-1 (2017) for all the T-junctions
and for both the transmission paths. Lower values are
displayed at higher frequencies for the K23 path in the
case of heavy constructions, while for the same
constructions a more constant frequency trend is
highlighted for K12 path. In the case of joint between
homogeneous elements and lightweight double leaf walls,
K23 path shows higher values at lower frequencies, while
a tendency to have increasing Kij values with frequency is
shown for the K12 path.
For transmission across the straight section of the heavy
joints, there was a decrease in transmission loss with
increasing frequency, which is confirmed in real
measurements as indicative of in-plane wave generation
at the junction, as underlined by Hopkins (2014).

Figure 6: Comparison of Kij values in real and half scale
models for the same T-junction realised with a shell
FEM structure. Half-scale results are halved in
frequency from to 200-6300 to 100-3150 Hz in order to
be comparable to full-scale ones.

Results and discussion
Figures from 7 to 10 show the one-third octave band Kij
values for the transmission around the corner (K12) and
across the straight section (K23), obtained from FEM
simulation of the four T-junctions described in Tables 1
and 2. Kij values are also compared to those calculated
according to the formulas in paragraph E.3.3 of the
Annexes E.3 (A in the figures) and in Table E.1 of the

Figure 7: Simulated Kij values for the transmission
across the corner (upper chart) and across the straight
section (lower chart) of a T-junction made of two 10 cm
conventional concrete layers.
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Figure 11 shows the mean values of Kij, from 250 Hz to
6.3 kHz one-third octave bands, in the case of
transmission paths K12 and K23, for the T-junctions from
1 to 4 in Table 1. The highest value of about 18 dB is
shown in the case of transmission around the corner for
the node 2, where a conventional concrete wall is joined
to a double leaf plasterboard wall. On the opposite, a very
low value is found in the case of the same joint for the
transmission across the straight section. For the other
three nodes, compatible Kij of about 37 dB have been
found for both the transmission paths.

Figure 8: As in Figure 7, but the T-junction is made of
10 cm conventional concrete layer and 9 cm double leaf
plasterboard wall.

Figure 11: Mean value over the one-third octave band
frequencies of the simulated Kij, for the transmission
across the corner (K12) and across the straight section
(K23) of the T-junctions described in Table 1.

Figure 9: As in Figure 7, but the T-junction is made of
10 cm reinforced concrete layer and 10 cm lightweight
concrete layer.

Figures 12 and 13 show the Kij mean values of the Tjunctions, for the three ranges of low, medium and high
frequencies, in the case of transmission paths K12 and
K23. As far as K12 path is concerned, compatibility
among the three frequency ranges is shown for all the
nodes with, as underlined above, higher values for node 2
of about 1618 dB and lower values of about 57 dB for
the other nodes. K23 path shows higher vibration
transmission at the higher frequencies, and generally
lower Kij values for all the frequency ranges compared to
K12. The lowest Kij value is for node 2.

Figure 12: Mean values over the low (250 Hz-400 Hz),
medium (500 Hz-2 kHz) and high (2.5 kHz-6.3 kHz)
frequencies, of the simulated Kij for the transmission
across the corner of the T-junctions in Tables 1 and 2.
Figure 10: As in Figure 7, but the T-junction is made of
two 15 cm brick layers.
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In general, these results are in good agreement with the
measured Kij values obtained by Crispin et al. (2004 and
2006) for similar heavy T-junctions. They found an
average Kij value on our medium-frequency range of
about 7 dB for both the K12 and K23 paths, when the two
walls had the same depth. Instead, they found higher
values close to 16 dB for K12 and close to about 1 dB for
K23, when the two walls had very different masses, with
external wall more massive than internal one.

Figure 13: As in Figure 12, but for the simulated Kij the
transmission is across the straight section of the Tjunctions in Tables 1 and 2.
A good matching between simulated Kij values and
calculated values according to the frequency dependent
formulas in EN ISO 12354 -1, has been found, as shown
in Figures 14 and 15, for K12 and K23, respectively, in
the three frequency ranges. In particular, results are
compatible among them for both the transmission paths
and the frequency ranges, suggesting the application of
FEM simulation to investigate more complex junction
geometries.

Figure 14: Mean values over the low (250 Hz-400 Hz),
medium (500 Hz-2 kHz) and high (2.5 kHz-6.3 kHz)
frequencies, of the simulated Kij for the transmission
across the corner of the T-junctions from 1 to 4,
described in Tables 1 and 2. The graph also shows the
mean values, over the same frequency ranges, of the Kij
calculated according to the EN ISO 12354 (1) formulas.

The same good agreement was found with FEM
simulations of the same heavy nodes by Poblet-Puig and
Guigou-Carter (2015).
Hopkins (2014), in the case of rigid heavy T-junctions,
indicates the importance of frequency dependence for Kij.
In fact, application of formulas in Annex E.3 of the
standard EN ISO 12354-1 (2017) that considers the
frequency independency of Kij would have brought to an
overestimation of the values for transmission across the
straight section at higher frequencies (see red lines named
ISO12354_A in Figures 8, 10 and 11 lower charts).

Conclusion
This paper has shown that FEM simulations can be
applied to investigate vibration transmission across
building junctions in the case of traditional and
lightweight constructions. Vibration transmission index,
Kij, resulted compatible with the validated EN ISO 123541 (2017) frequency dependent formulas, for both the
transmission around a corner and the straight section, and
for all the frequency range. Comparisons will be carried
out in the future with in-laboratory measured data
according to the EN ISO 10848 standard (2017), of the
same nodes and of other more complicated T-junctions.
The FEM models require a frequency-dependent loss
factor for the walls, i.e. the total loss factor, which is the
loss factor that is likely to occur when heavyweight walls
are connected to many other walls and floors in-situ
(Hopkins, 2016; EN ISO 12354-1, 2017). Next steps will
include this frequency-dependent loss factor in the
simulations.
Future work will concern the validation of FEM
simulations with in-laboratory measurements, and the
implementation of new FEM simulations for the
prediction of simple Kij formulas in the case of more
complex joints.
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Aeroacoustic Façade Noise Validation: A Comparison of CFD and Wind Tunnel Tests
Nathaniel L. Jones and Alexej Goehring
Arup, San Francisco, USA

Computational fluid dynamics (CFD) analysis is a
valuable alternative to wind tunnel testing for analysing
and predicting aeroacoustic noise. However, transient
simulations require a very fine grid and short time step to
resolve acoustic pressure fluctuations, resulting in a
computationally intensive process. This paper
investigates the possibility of using steady state CFD
simulations as a fast alternative to transient simulations
for characterizing the noise production of perforated
façade panels. It compares both transient and steady-state
Reynolds-averaged Navier-Stokes (RANS) simulations
of aeroacoustically active perforated panels to
measurements of specimens in a reverberation chamber.
Accurate sound power predictions can be achieved for
broadband noise from normally incident wind on
perforated panels, but sound power and frequency remain
difficult to predict for oblique wind directions.

Introduction
Aeroacoustic noise is unwanted sound generated when
turbulent air passes over an object, stimulating audible
frequencies. Recently, aeroacoustic noise has become a
subject of concern for buildings, where façade elements
such as screens and shading devices may create windinduced noise (Hamer, 2006; Lisboa, Ottieri, & González,
2015). Perforated screens, which provide shade and
privacy while allowing natural ventilation and preserving
views to the outdoors, are especially vulnerable to windinduced whistling. Recordings from wind tunnel testing
can reveal aeroacoustic phenomena (Feng, 2012; Blinet,
Kerdudou, Chéné, & Jacqus, 2015), but such tests are
expensive, making them infeasible in early design. The
ability to predict noise generation quickly using numerical
methods will help designers select suitable façade
elements for wind-prone areas.
In this paper, we compare sound measurements from
earlier wind tunnel experiments to computational fluid
dynamics (CFD) modelling of aeroacoustic noise. The
sound of air passing through perforated panels was
recorded in a reverberation chamber and characterized
according to sound power in 1/3-octave bands. We
reproduced several of these tests using Reynoldsaveraged Navier-Stokes (RANS) computational models
and performed sensitivity analysis: First, we tested the
effect of CFD mesh resolution on the sound power level
predicted by steady state simulation. Second, we tested

for dependence of sound power on perforation size. Third,
we investigated the ability of RANS simulation to model
sound power dependence on wind incidence angle.
Fourth, we performed similar analysis for variation in
wind speed. Finally, we performed transient RANS
simulations to detect the dominant frequencies of air
vibration and compare those to recorded tonal noise.
Using this data, we hope to predict real-world
aeroacoustic noise characteristics for risk assessments
based on relatively accessible simulation methods.

Background
While the whistling and humming noises of wind on
buildings are familiar to many, the mechanisms that
generate this noise are often unclear. Several phenomena
can be responsible: Aeroacoustic noise may be generated
by organized wakes (Kármán vortex streets) trailing
downwind of rods, tubes, or perforations. Tubes and
cavities may also act as Helmhotz resonators. Pressure
fluctuations in air may excite structural vibrations as well;
this can produce resonance when the frequency
corresponds to an eigenmode of structural vibration.
Aeroacoustic noise is problematic when it includes either
a load broadband component or a clear tone in the range
of human hearing. Human beings hear frequencies
between 20 and 20,000 Hz, but we are most sensitive to
frequencies in the range of speech (500 – 5000 Hz)
(Figure 1). Additionally, tonal sources—those that
include a dominant frequency—will be heard more
clearly than broadband noise and pose a greater nuisance.
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Figure 1: Curves of equal loudness for frequencies in the
range of human hearing (after ISO, 2003).
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Frequency
For Kármán vortex streets, the frequency f at which eddies
shed from the structural element is related to the
dimensionless Strouhal number St:
𝑓×𝐷
(1)
𝑈
where U is the incident wind speed and D is the
characteristic length, typically the diameter of the
structural element. Kármán vortex streets develop in the
transition from laminar to turbulent flow, where the
Strouhal number is around 0.2.
For groupings of multiple elements, interaction between
wakes changes the tonal characteristics. Parallel bars
produce higher Strouhal numbers (~0.3) when placed
close together, although the observed sound is mainly
broadband (Blinet, Kerdudou, Chéné, & Jacqus, 2015).
For perforated panels, a modified characteristic
dimension t* is proposed to preserve the Strouhal
number’s value of 0.2:
𝜑
𝑡∗ =
𝑡
(2)
0.01
where t is the panel thickness and φ is the hole diameter
in meters (Feng, 2012). This does not account for hole
spacing, which might also affect characteristics of the
wake.
Sound Power
Noise levels can be approximated by rearrangement of the
Navier-Stokes equations. Lighthill (1952) proposed an
analogy that reformulates the Navier-Stokes equation as a
wave equation with source terms. Considering turbuence
as the only sound source, Lighthill’s analogy reduces to
the Proudman Broadband Noise model (Proudman,
1952), which relates acoustic power P in W/m3 to the
density of air ρ, eddy dissipation ε, turbulence kinetic
energy k, speed of sound c, and a constant (α = 0.1):
𝑆𝑡 =

√2𝑘
𝑃 = 𝛼𝜌𝜀 (
)
𝑐

Experiments
Our study is based on previous wind tunnel tests in which
Feng (2012) measured tonal noise generated by perforated
plates in a flow field. The test environment consisted of a
pressurized anechoic chamber connected by an opening to
a reverberating chamber (Figure 2). A perforated panel
measuring 400 mm × 400 mm with a thickness of 1.5 mm
was placed in the opening between the two chambers at
various rotations angles. Feng measured sound power
levels using a rotating microphone in the reverberation
chamber in accordance with international standard EN
ISO 3741:2010.

Anechoic Chamber

Wind

5

Reverberation Chamber

Test Sample

(3)

The total sound power PV in watts generated in a volume
V is found by taking the volume integral:
𝑃𝑉 = ∫ 𝑃𝑑𝑉

testing, measurements in similarly constructed wind
tunnels may differ by 10 – 15 dB (Devenport, et al., 2013).
It is therefore preferable to compare test samples to
reference samples with known sound power.
Several studies have compared wind tunnel recordings to
aeroacoustic CFD simulations. A comparison of Large
Eddy Simulation (LES) and Detached Eddy Simulation
(DES) found LES a closer match to wind tunnel
measurements, though both simulations produced errors
in some frequency bands upwards of 10 dB (Ask, 2006).
Using a Lattice Boltzmann method, transient pressure
variations in a resonant cavity can be observed directly,
although the amplitude is higher than that observed in
wind tunnels (de Jong, Bijl, Hazir, & Wiedemann, 2013).
These transient methods are useful for their ability to
simulate sound pressure and frequency in addition to
overall sound power, but they requre small time steps and
fine mesh resolutons, making them computationally
expensive.

(4)

𝑉

The Proudman model can be applied to a steady state
RANS simulation, which solves for k and ε at the subgrid
scale. This technique has previously been used to model
the noise of gas jets (ANSYS, 2015), automobiles
(Ringwall, 2017), and façade panels (Jones & Goehring,
2018).
Wind tunnel tests are frequently used to measure
aeroacoustic noise levels. Sound may be recorded in an
anechoic wind tunnel (Iglesias, Thompson, & Smith,
2016) or in a reverberation chamber through which air is
forced (Feng, 2012). Frequency and amplitude of
structural vibrations in a wind tunnel may also be
recorded with high speed cameras (Purohit, Darpe, &
Singh, 2016). However, even when designed for acoustic

Rotating
Microphone

Figure 2: The test chamber used by Feng (2012)
consisted of a anechoic chamber in constant
pressurization connected to a reverberation chamber.
We duplicated several of these tests in CFD simulations
using ANSYS CFX (2018). Although the exact geometry
of the panels is not recorded, we estimate the perforation
openness and total number of holes per panel based on
documented perforation sizes and spacing for the four
panels listed in Table 1. The number of perforations we
estimate accounts for holes obstructed by the 25-mm Lshaped supports. We ignore Feng’s sample 1 as this panel
had an irregular hole pattern.
Feng observed broadband aeroacoustic noise for wind
with normal incidence on the panels and tonal
characteristics when panels were oriented at 60° or more
to oncoming wind. We consider two geometries in our
CFD simulations: First, we perform sensitivity analysis
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Sample
2
3
4
5

Diam.
(mm)
12
8
11
10

Spacing (mm)
x
y
27
17.5
18
11.6
23
15
21
13.5

Open
(%)
23.9
24.1
27.5
27.7

Hole
Count
286
627
390
448

Mesh Resolution
Because the Proudman model depends on eddy
dissipation and turbulence kinetic energy calculated at
subgrid scale, sufficient mesh resolution is necessary to
localize areas of sound production. Figure 3 demonstrates
that a coarse CFD mesh will underestimate the total sound
power production, which occurs mostly in the areas
shaded red. However, finer mesh resolution leads to
increased simulation time. For practical considerations,
our goal is to use the coarsest mesh that still resolves areas
of sound production.

60
Sound Power (dB)

on mesh resolution and hole size with a panel oriented
normal to the wind direction. Second, we test the effect of
wind speed on sound power and frequency with a panel
oriented at 75° to the wind, which produced the most
distinct tones in physical tests. For the normal orientation,
we model a 200 mm × 200 mm × 200 mm domain with
symmetry conditions on the top and side to represent the
entire panel. For arbitrary wind incidence angles, we
eliminate the vertical symmetry condition and expand the
domain to include the entire 400-mm panel width. For the
75° orientation where we introduced transient simulation,
we model the entire width of the panel and introduce
translational periodic boundaries to account for its full
height.
Table 1: Panel perforation data.

55

50

45
0

5

10

15

20

25

30

Cell Size (mm)
Measurement
Tetrahedral Mesh

Uniform Mesh

Figure 4: RANS simulations with mesh resolution
smaller than 3 mm predicted sound power levels within
3 dB for normal incidence to a perforated panel.
Hole Size
While frequency is generally understood to vary with
perforation size according to the Strouhal number, less is
known about variation in sound power. We modelled the
remaining samples (3, 4, and 5) under normal incidence
conditions with a 2-mm cap on mesh cell edge length in
the sound production region (Figure 5) and compared the
sound power according to the Proudman model with that
measured by Feng (Figure 6). In simulation, we observe a
slight decrease in sound power as hole size increases,
although due to the varying number of holes per panel,
this represents an increase in sound power per hole. The
measured sound powers do not show a clear trend with
respect to hole size, although some dependence is
apparent with respect to perforation openness (Figure 7).
Nearly all differences are within the error margin
established in the previous test.

Sound
Power
(dB)

wind

Figure 3: The coarse mesh with a maximum element size
of 10 mm near the panel (left) does not resolve local
turbulence as well as the fine mesh with a maximum
element size of 1 mm near the panel (right).
For sample 2 (12-mm hole diameter), we first ran a CFD
simulation on a uniform 1-mm cubic mesh to determine
the region in which sound production occurs. Under a 12
m/s wind, this region extends 50 mm downwind from the
panel. We then tested several tetrahedral meshes with
varying mesh densities around the production region
(Figure 4). Capping the cell edge length in this region at
3 mm or smaller produced results within 3 dB of the 54.5
dB broadband signal recorded by Feng after subtracting
background noise.

Figure 5: The chosen mesh includes a dense region with
a maximum cell edge length of 2 mm in the sound
production region up to 50 mm downwind of the panel.
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58
56
54
52
50
8

9

10

11

12

Hole Size (mm)
Measured
RANS

Figure 6: Simulation shows a slight dependence of
sound power on hole size, which is not seen in wind
tunnel test data.
Sound Power (dB)

60
58
56

louder than wind at normal incidence. This indicates that
other acoustic mechanisms apply to the angled panel in
addition to aeroacoustic production from vorticity
included in the Proudman model. Because the space
behind the panel is open and should not act as a Helmholtz
resonator, we surmise that wind induces mechanical
vibrations in the panel to account for the missing sound
power. This assumption is supported by wind tunnel
observations in which the sound production of a
perforated panel can be stopped by placing a finger on the
panel (Wood, 2018).
80
Sound Power (dB)

Sound Power (dB)

60

60
40
20
0

54

0

52
50
23%

24%

25%

26%

27%

28%

Percent Open
Measured
RANS

Figure 7: In wind tunnel tests, the openness of the
perforation pattern affected sound power regardless of
holes size.
Wind Incidence Angle
In Feng’s experiment, the panel’s angle with respect to the
direction of air movement affected the sound output.
Tonal noise occurred for wind at 60° and 75° angles to the
panel’s normal direction, while broadband noise occurred
at all angles. We investigated the effect of wind incidence
angle on sound power for sample 2. For the angled panel,
we cannot model the domain using a vertical symmetry
plane because air is likely to be diverted along the panel
as well as flow through it. Instead, we double the width of
the domain to include the entire panel (Figure 8).
Sound
Power
(dB)

30

60

90

Wind Incidence Angle (degrees)
Measured
RANS

wind

Figure 9: Measured and simulated sound power match
closely at normal incidence but have different
characteristics for extreme wind angles.
Wind Speed
We investigated the effect of wind speed on sound power
for sample 2 oriented at 75° to the wind. Given the steep
angle, the simulation domain extends beyond the edge of
the panel, allowing air to flow around the panel on both
sides. It is also necessary to include the L-shaped supports
in the model for their shielding effect (Figure 10). Indeed,
without the supports in place, wind flowing around the
panel reduces the size of the sound-producing turbulent
region downstream of the holes and consequently also the
sound power. Again, we apply a higher mesh density to
the sound production region downstream of the panel
between the L-shaped supports.
Sound
Power
(dB)

wind

Figure 8: When wind blows at an angle to the panel, air
moves along the panel as well as through the holes.
Sound production of sample 2 under 12 m/s wind at 30°
orientation is shown.
Although the Proudman model’s prediction closely
matches the observed sound power for normal incidence,
it diverges greatly at steep angles (Figure 9). Feng
observed peak sound power generation for wind at 75° to
the panel’s normal direction, which could be up to 15 dB

Figure 10: The L-shaped supports shield a region
behind the angled panel in which sound production
occurs. Sound production of sample 2 under 15 m/s wind
at 75° orientation is shown.
Sound power increases with wind speed in both
measurements and simulation. Although the measured
sound power remains higher than the simulation values
for the 75° orientation as in the previous test, both the
recording and simulation show similar gains with respect
to 12 m/s wind as wind speed changes (Figure 11).
Deviation between the gains for measured and simulated
results is only apparent at the lowest wind speed.
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Dominant Frequency (Hz)

Figure 11: Sound power increases with wind speed for
simulations of a screen with 75° incidence angle, as
shown by the gain relative to 12 m/s wind for both
measured and simulated sound power.
Frequency
Feng observed panels oriented at 75° incidence to produce
just-audible tones. If this tonal signal results from
resonant vibrations in the panel itself, then these
vibrations should be observable in transient CFD
simulation. We carried out transient simulations on a
2.5 × 10-5-s time step and monitored the force vector
applied by the wind on various patches of the panel. After
applying a fast Fourier transform, we compare the panel’s
dominant frequency in our transient RANS simulations to
measured frequencies and to predicted frequencies
assuming a Strouhal number of 0.2 (Figure 12). While the
Strouhal prediction aligns closely with observations for
lower wind speeds, the RANS simulations trend in the
opposite direction.
3000
2000
1000
0
3

6
Strouhal

9
Wind Speed (m/s)
Measured

12

15
RANS

Figure 12: Measured tonal frequencies increase as
predicted by the Strouhal number, but simulations of a
screen with 75° incidence do not show this trend.

Discussion
We set out to investigate whether fast steady state CFD
simulations with coarse meshes could predict
characteristics of aeroacoustic noise. For wind with
normal incidence, the Proudman model produces a
reasonably accurate prediction of aeroacoustic sound
power based on steady state RANS simulation. A coarse
mesh can generally be used except in the region where
aeroacousic noise is generated, which requires a fine mesh
density. Using tetrahedral meshes with maximum cell
edge length of 2 mm in the regions 50 mm downstream of
the panel, we achieved sound power predictions within 4
dB of measured values for 8-mm to 12-mm diameter
holes. This accuracy roughly matches the 3 – 5 dBA
sound power level variation necessary to achieve a

perceptible difference for human listeners in
environments with background noise (Liu, 2012), and is
therefore reasonable for early design analysis.
For wind obliquely incident on panels, the Proudman
model underestimates sound power observed by Feng
(2012). Given the tonal behaviour observed in panels
oriented 75° to the wind, this may reflect the fact that the
Proudman model does not account for some mechanisms
of tonal noise production, such as monopole and dipole
sources, interference patterns in Kármán vortex streets,
and induced vibrations in the panel. Interactions at scales
smaller than the 2-mm grid in our simulation may also
play a role for the angled panel, as the panel’s thickness
dimension becomes more critical. Observations of
aeroacoustic differences caused by panel manufacturing
methods support this explanation (Wood, 2018). Our
method of assuming translational periodicity for transient
simulations may also factor into this, as we do not account
for potential wake interactions in the vertical axis or for
acoustic effects at the top and bottom edges of the panel.
Follow-up work should simulate eigenmode vibrations of
panels, including effects of perforations, to determine
whether structural resonance plays a role in the oblique
panels’ acoustic behaviour. New wind tunnel tests that
observe or isolate specific noise production mechanisms
will also be useful to develop a reliable model for noise
generation from angled panels. This is critical for
understanding aeroacoustic behaviour of building
façades, as local air currents most commonly occur
parallel to the façade (Jones & Goehring, 2018).
For aeroacoustic noise risk assessment using RANS
simulation, sound power levels from normally incident
wind should be used to represent a panel’s acoustic
behaviour. This case offers the best correspondence with
measured values and is within 15 dB of the maximum
sound power level in the recorded cases we analysed. The
maximum aeroacoustic production of a panel can
therefore be estimated at 15 dB higher than the simulated
sound power at normal incidence. Dominant acoustic
frequency can be estimated from the Strouhal number. We
caution that this method does not predict the occurrence
of tonal noise; rather, it predicts what tone will be emitted
if tonal noise occurs.

Conclusion
We reproduced testing conditions in RANS simulation for
several aeroacoustically active perforated panels that have
previously been subjected to laboratory tests in the
reverberating chamber of a wind tunnel. Steady state
RANS models are advantageous because they run in
minutes, compared to days for transient models. For wind
at normal incidence angles, these models can predict
aeroacoustic sound power with reasonable accuracy. In
our tests, we could predict sound power within 4 dB for a
variety of perforation hole sizes. However, for wind
incident on the panel at an angle, measured sound power
may be higher than predicted by the Proudman model. A
reasonable estimate for maximum sound power at any
wind angle is 15 dB higher that the Proudman model
prediction at normal incidence. Further work is needed to
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understand the aeroacoustic mechanisms involved in
perforated panels.
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Abstract
Acoustical comfort of the acoustically critical spaces is
coming up as important aspect of the designing these
days. Unlike in the past where it was achieved with the
mere retrofitting after the acoustic discomfort arrives.
Recognising the criticality of acoustical comfort
especially for spaces like auditorium, meeting and
conference rooms etc. right at the designing stage gives
advantage in terms of quality, un-necessary retrofitting,
and many more issues arriving out of it. It can also save
a lot of money by optimizing the acoustic design and
avoiding overdesigning, which is very common.
This paper deals with the similar study where design
optimization of auditorium in the office campus, which
was carried out in order to achieve acoustical comfort as
well as value engineering. The space is auditorium with
the seating capacity of 250 people. Objective of the
study is to provide the acoustic comfort for the user by
optimizing the acoustic design of the auditorium using
Parametric Analysis. The EASE software is used for
analysis and predicting the performance of the
auditorium for different functions such as speech as well
as music performances. Based on the EASE analysis,
the acoustic design and the building materials are
proposed to achieve the optimum acoustic comfort
across various parameters. Substantial amount of
quantities for various acoustic materials as well as the
cost of the project was reduced by undertaking the
acoustical analysis of the auditorium.

Introduction
Modern corporate office campuses are equipped with
various functional spaces along with the workspace.
These spaces are mainly administrative space, working
space, recreation area, food and canteen areas, meetings
and conference rooms, auditoriums, open-air theatres,
indoor sports facilities etc. Each space has its own
functional requirements in terms of various parameters
such as comfort (visual, thermal, acoustic) level,

occupancy timings, lighting requirements, space
requirements, hygienic requirements etc. User comfort
is the paramount parameter in order to maximise
productivity of its occupants, which is the prime
objective of such spaces. Acoustic comfort plays
important role alongside thermal and visual comforts,
which affects the efficiency of the employee. One such
important space in the office campus demanding
absolute acoustic comfort is Auditorium.
In ongoing corporate office projects undertaken by
L&T, we got the opportunity to review, redesign and
validate auditorium design to achieve the required
acoustic comfort. The acoustic comfort requirements for
auditorium has been specified in The Design Brief
Report in terms of various parameters.
The preliminary design (as per the design intent and
architectural team) was taken as a base case. It was then
analysed from the acoustical quality perspective to
validate or improve the design if required. This can be
done using tangible parameters, which will give actual
idea to the designer of the acoustical quality. Various
parameters which can be used are reverberation time
(EDT, T20, T30), clarity (C50 and C80), sound
transmission index (STI), articulation loss (AlCons),
Noise to signal ratio, definition (D50) etc.
Many of these acoustical parameter depend on
Geometry of room (volume, shape, surface areas etc.),
Materials inside room (absorption coefficient of the
materials), PA system (sound power level, wattage,
location and layout of speakers) etc.
The scope of the project limits to architectural design
which means sound reinforcement system (PA system)
is not part of the design scope. Hence many parameters
which partially or fully depend on the PA system
analysis cannot be considered for the evolution of
design. This leaves us with only one parameter i.e.
reverberation time which depends on the geometry of
the room and the materials inside room.
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Reverberation time gives us the insight of the acoustic
quality of room based on the architectural design,
interior design alone. Requirement criteria for the
reverberation time was set using applicable national
standards, various case studies, old projects. The base
case design was simulated, analysed and then optimised
to achieve sound acoustical qualities through
appropriate reverberation time. This paper does not
cover the acoustical qualities dependent on the sound
reinforcement system as scope of project does not gives
control over the PA system design.
The base case design could be the case of under
treatment or overtreatment as it is spearheaded by
design intent solely based on aesthetics. The objective
of the analysis is to determine the optimum design
proposal with minimum acoustic treatment without
compromising the technical requirements and also
maintain the aesthetical features of the room.
EASE, one of the world’s leading acoustical simulation
program for acoustical room design was used for
simulating the interior acoustics. EASE uses the imagesource method combined with ray tracing for simulating
the acoustical performance. Given the geometry and
surface properties, the acoustical results can be
predicated.

The Göttingen Stadthalle, Germany
In the 1950s and ‘60s there were many new concert
auditoria with reverberation times shorter than predicted
[3]. The Göttingen Stadthalle had the opposite
characteristic. With the acoustic consultancy coming
from the IIIrd Physikalisches Institut of Göttingen
University, it is fortunate that a thorough study of this
acoustic phenomenon was published [4]. The Stadthalle
was designed as a multi-purpose space. It opened in
1964, seats 1250 in a volume of 8200 m3, which works
out at 6.6 m3/person. The ceiling height is 12 m.
Because of the varied uses for the hall, which include
orchestral concerts, theatre, conferences and social
events, the main floor is flat, while there is a single
balcony. The plan is a regular hexagon, with the stage
off one side, Figure 1. The walls are plane, whereas the
ceiling is covered with pyramids 300 mm deep intended
to promote diffusion. A similar ceiling was used in the
Beethovenhalle, Bonn of 1959 [5,3].

Figure 1 : Long section and plan of the Göttingen Stadthalle

The predicted occupied reverberation time (RT) was 1.6
s, whereas the measured value at mid-frequencies was
around 2.0 s, a 25% increase. A high proportion of the
decays were sagging and higher reverberation times
were measured near the ceiling than in the Stalls.
Extensive measurements were made in both the actual
hall and in a 1:15 scale model [6]. These established
that a horizontal sound field was developing in the
upper region of the hall with sound reflecting between
the plane vertical walls; it was little influenced by the
absorbing audience and scattering ceiling. For sound to
reach this region of the hall, reflections off the balcony
fronts and the risers of the steps which linked the Stalls
with the Balcony were isolated. Figure. 2 shows the
results of RT measurements in the unoccupied hall first
in the condition as built, then with absorption applied to
the central balcony front, thirdly absorption on the
whole length of balcony front and then the stair risers as
well. The original authors point out that absorbing
material is more effective than geometrical changes
(such as inclining the balcony fronts or making them
scattering) because the former is unaffected by
diffraction. One notes that making the ceiling highly
scattering did not result in a diffuse sound field; this
design had resulted in a subdivided acoustic space.
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materials done on the basis of both its sound absorption
coefficient at different frequencies and its costing
though its not explored on this paper.
After evaluating various design options and closely
consulting with architectural team to retain the design
intent of the space, optimum design is selected which
suffices both acoustical (reverberation time) as well as
architectural interests.

Room Details
Figure 2: Measured reverberation times in the unoccupied
Göttingen Stadthalle [6]., as built;, with absorption on central
balcony front; s––s, with absorption over whole balcony front;
D–––D, with absorption over whole balcony front and stair
risers.

The predicted occupied RT had been chosen as a
compromise value for multi-purpose use. A value of 1.6
s was considered to be the lower limit for orchestral
music, while being acceptable for conference use.
Figure. 2 however shows that not only is the
reverberation time longer than expected but that it is
possible to reduce it by treating only a small surface
area – in other words, variable acoustics had been
created. The original paper on the hall includes the
following regarding subjective response: ‘‘Comments
on the acoustics in the Stadthalle have only been
positive from both listeners and performers. . . . It has
also been noted that the sound has a definite warm
character in this hall.” (translation from the German
original). The hall was also praised for use for opera and
chamber music. Users appear not to be concerned by
sound persisting that arrives from above.

Methodology
As mentioned in the case study, material areas and their
sound absorption qualities have major impact on the
reverberation time of the room rather than the geometry
of the room. Considering the reverberation, time is the
only parameter considered for acoustic design in this
case, and geometry of the room is rigid for altering the
base case is redesigned with different materials and
materials layouts.
Base case design is first analysed and the defects and its
causes are established to decide the way forward. Based
on the results of base case design the various other
designs are tried to rectify the shortcomings in the base
case design. Costing of the materials is also considered
along with the absorption coefficient of the materials
during selecting the acoustic materials due to
practicability of the project. Hence the selection of

Auditorium Dimensions
The plan of the Auditorium is given in Figure. 1. The
Auditorium dimensions are roughly 21.8m x 17.4m
(Figure. 1). The detailed room information for the hall is
given in Table 1.

Figure 3 : Auditorium Plan
Table 1 : Auditorium Information (EASE)

Quantities
Total Surface area (SQM)
Estimated room Volume
(m3)
Air Parameters
Humidity (%)
Temperature (°C)
Pressure (hPa)
Noise Parameter
Background Noise Level
(NC)

1760
2098
60
25
1013
35

EASE Model of the Auditorium
The acoustical treatment for the different surfaces of the
Room is the combination of the sound reflective and
sound absorbing materials.
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Acoustical Performance Quality Indicators
Reverberation Time
Reverberation is the persistence of sound in a particular
space after the original sound is produced[5]. The
interval between the initial direct arrival of sound and
the last audible reflected wave is called reverberation
time.

Figure 4 : EASE model of the auditorium

Acoustical Properties of Materials
The material specifications and quantities of all interior
faces are considered as per the Architect’s inputs.
Materials considered for the hall are mentioned below in
Table 2. The table gives the noise reduction coefficient
of all the face materials.
Ceiling is comprised of mineral fibreboards and
gypsum boards. Wall is treated with acoustic material
Channelled Woodworks perforated panels or wood wool
panels along with plastered surface as non-treated
surface.

Figure 5 : Reverberation Time requirement against room
volume (IS: 2526-1963)

Optimal Reverberation Time is dependent on two main
factors – type of usage and volume of the space.[6] The
Figure. 4 provide a quick reference for the relation
between volume of space and desirable RT for various
types of performances. Based on the Figure. 5 graph
desired reverberation time for Auditorium is

Floor for the auditorium is fitted with carpet and stage is
fitted with parquet flooring.
The chairs for the audience are considered as the lightly
upholstered chairs as per architectural team input.

Table 2 : Different Acoustical Design Options (source- EASE Material Library)
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0.55
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0.95

1.00
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0.1

0.06
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0.04
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0.50

0.57

0.57
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0.20

0.25

0.70

0.75

0.60

0.75

0.95

0.70

0.01

0.14

0.14

0.1

0.06

0.04

0.04

0.03

0.03

Carpet (flooring)

0.65

0.16

0.4

0.65

0.7

0.65

0.6

0.6

0.5

Parquet
(flooring)

0.06

0.04

0.04

0.04

0.07

0.06

0.06

0.07

0.07

Material

NRC

Mineral
Fibre
Tiles (false ceiling)
Mineral
Fibre
Tiles (higher NRC)
(false ceiling)
Gypsum Paneling
finished in paint
(false ceiling)
Perforated
wooden
panels
(wall surface)
Wood
wool
acoustic
panels
(wall surface)
Paint finish (wall
surface)

tiles
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determined.
Table 3 : Reverberation Time requirement as per IS: 25261963

Room Volume

2098 CUM

Desired
Reverberation Time

0.8-1.0 sec

Acoustic Treatment
The proposed design (base case) for the conference
room was modelled and simulated along with 5 other
options of wall and ceiling configuration to determine
the optimum design which complies with the RT
requirement as per Design Brief
Requirements and codes compliance. The different
design options along with their material distribution are
given in Table No. 2.

Acoustical Performance Evaluation
The Reverberation time should be as low as possible to
achieve best speech intelligibility with the maximum
threshold of 1.0sec.. The frequency range between

250Hz and 2000Hz (range of human speech) is focused
upon as the room is mostly going to be used for
speech.[7]
Reverberation time for the each 1/3rd octave band (63
Hz to 8k Hz) for all the options is listed in Table 4.
After modelling and simulating each option in EASE
software, the effect of all the combinations on the
resultant reverberation time for the detailed spectrum
(63Hz to 8000Hz) was analysed and compared. The
graph in Figure. 4 shows the graphical representation of
the reverberation time achieved for each of the options.
From the figure 5, it is evident that base case (option no
1) is 2nd best design among all. But it can be considered
as the overtreatment. Hence there is scope for the value
engineering without compromising the technical
requirement. As shown in the graph maximum
reverberation time is attained in Option 5, with all the
reverberation time values under 0.8sec as per
requirement.
Hence we can bring down the acoustic material
quantities for false ceiling from 73% to 56% and for
wall from 100% to 39% and still complying the
technical requirement by a very long margin.

Table 4 : Reverberation times for different design options

Floor

Ceiling
Total
Area
SQM

Wall

C1Perfora
ted
wooden
Panels

C2Wood
wool
acoustic
panels

C3Gypsu
m
Board

Total
Area
SQM

W1Perfora
ted
wooden
Panels

W2Wood
wool
acoustic
panels

W3No
treatm
ent

F1Carpet

F2Parquet

opt 1

78%

22%

73%

0%

27%

100%

0%

0%

opt 2

78%

22%

0%

73%

27%

0%

100%

0%

opt 3

78%

22%

73%

0%

27%

49%

0%

51%

321

454

Total
Area
(SQM)

778

opt 4

78%

22%

0%

73%

27%

0%

49%

51%

opt 5

78%

22%

56%

0%

44%

39%

0%

61%

opt 6

78%

22%

0%

56%

44%

0%

39%

61%
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Table 5 : Reverberation times for different options

Reverberation Time in second (frequency wise)
Options

125 Hz

250 Hz

500 Hz

1000 Hz

2000 Hz

4000 Hz

8000 Hz

Option 1

0.56

0.35

0.38

0.34

0.33

0.3

0.29

Avg
RT
0.36

Option 2

0.68

0.32

0.29

0.3

0.27

0.24

0.25

0.34

Option 3

0.64

0.47

0.47

0.41

0.39

0.37

0.36

0.44

Option 4

0.74

0.41

0.37

0.37

0.35

0.31

0.31

0.41

Option 5

0.71

0.55

0.53

0.47

0.45

0.42

0.4

0.50

Option 6

0.8

0.48

0.43

0.43

0.4

0.36

0.35

0.46

Reverberation Time (sec) vs Frequency (Hz) Graph
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
125 Hz

250 Hz

Option 1

Option 2

500 Hz

1000 Hz
Option 3

2000 Hz
Option 4

4000 Hz
Option 5

8000 Hz
Option 6

Figure 6 : Reverberation time vs frequency graph for various design options

Conclusion
The case study shows that the material properties and
materials layout plays major role compared to the
geometry of the room for the reverberation time
parameter. The initial analysis of the base case design
(option 1) also suggest the overtreatment done to the
auditorium, which is un-necessary. The reverberation
time requirement as per local standards and global
standard suggest far bigger values than the one achieved
in the base case. It gives the window to the designer to
remove some of sound absorbing materials, which are
unnecessary as well as costly. It solves both purposes of
saving cost as well as achieving correct range of
reverberation time based on its volume.

The amount of the acoustic materials to be reduced is
dependent on the various factors. Like improved
reverberating time, aesthetics, cost etc.,Various design
options (design option 2-6) are tried and analysed
considering all the factors and thenm the optimum
design option-5 is selected as the most optimum
fulfilling all the 3 criteria.
The option 1 is achieving average reverberation time of
0.36sec. The RT of 0.36 sec (base case) can be raised to
0.46 sec with necessary changes in the material
distribution and the quantities and still meeting the 0.8
sec requirement.
The gap between 0.46sec (achieved reverberation time)
and the 0.9sec (required reverberation time) gives us the
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cushion to take into account the all the other practical
irregularities and safety margin. As the findings are
based on simulation results, we have to consider these
irregularities, as achieving the simulation environment
and materials finis, scattering, absorption coefficients is
practically impossible on site.
Reverberation time is peak at the low frequency (63Hz
& 250Hz) for all options, which is out of human speech
frequency range and hence it is not the deciding factor
for the material quantities. Based on the study it was
recommended to use design option 5 i.e. bringing down
the acoustic material quantities for false ceiling from
73% to 56% and for wall from 100% to 39%, to
optimise the quantity of the acoustical materials. The
recommended design (option 5) is complying the
reverberation time requirement and is also the solution
for the overtreatment done in the base case which was
not necessary.
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Abstract
The acoustic insulation performance of a glulam system
(timber-framed wall) is of paramount importance in
sustainable lightweight constructions. Nevertheless,
traditional models like impedance coupling or double-leaf
theory cannot offer robust results comparable to
measurements. Even Finite Element (FE) simulations
may not provide good results, due to high variables
computations models and the resultant error propagation.
For these reasons, in this paper the Transfer Matrix
Modelling (TMM) method has been adopted tor the
acoustic analysis of glulam timber structures in order to
understand its advantages and limitations. The sound
insulation of glulam walls will be simulated using a
decoupled approach where beams will be considered as
linear sound bridges.

Introduction
In recent years, the number of wooden constructions has
been growing, thanks to a change in the awareness of
designers, builders and end users. Timber buildings can
be cost effective, store CO2 and are based on a sustainable,
renewable and non-polluting material, neither for
production nor for final disposal.
It was recently demonstrated by Ramage et al. (2017) that
wood for construction is one of the many forest products
around the world.
However, such constructions are not and cannot be
approached in the same way as traditional heavy bricks or
concrete because (i) the construction technologies are
profoundly different, (ii) the design follows different lines
of thought and (iii) the attainable performances can be
different, especially in the acoustic domain. For example,
the results of the COST action FP90702 (2012) led to the
conclusion that timber frame constructions provide better
acoustic insulation in mid- and high-frequency but worse
in low-frequency than traditional heavy constructions.
In this perspective, also the design and performance
forecasting tools of these constructions must evolve and
adapt to the wooden constructions and their
particularities.
Moreover, nowadays there is need for increasingly
accurate and detailed forecasts of the behavior of
individual components and to be able to optimize the
composition directly within the same analysis tool,

without having to run multiple tools and combine results
together.
Available methodologies for acoustic simulation of
transmission loss are the following:
1.
2.
3.
4.
5.

Empirical or semi-empirical models
Statistical Energy Analisys (SEA)
Finite Element Method (FEM) or Analisys (FEA)
Progressive impedance method
Transfer Matrix Method.

The first ones are very related to single compositions and
could not include variations (Mak and Wang, 2015). For
example equations are available for dedicated cases such
as double-leaf masonry partitions valid for 80 ≤ m′ ≤ 400
[kg/m2] and for a maximum air gap thickness of 5 cm or
plasterboard with an upper limit of m′ ≤ 150 [kg/m2], etc.
Moreover, the majority of these models do not provide
frequency information but just indexes, and this prevents
to know if there will be noise caused by timber structures.
For the second and third ones, recent works managed to
solve the problem using SEA (Kouyoumji, 2013;
Kouyoumji and Guigo, 2015; Wang and Rajaram,
Kouyoumji, 2015), FEM analysis (Mahn and al., 2014),
or FEA analysis (Henning et al., 2013) models trying to
cover other possibilities. However, these methodologies
are always related to single specific configurations or to
specific frequencies and cannot be generalized to other
configurations.
The progressive impedance theory (Fringuellino and
Guglielmone, 2000) generalizes the problem, starting
from the materials properties and including the 2D wave
propagation, considering constant and homogeneous the
material properties for single layer. This method defines
the surface acoustic impedance parameter defined as
follows:
𝑧1 = Zc

−𝑖𝑧2 cot(𝑘𝑐 l)+𝑧𝑐
𝑧2 −𝑖 𝑧𝑐 cot(𝑘𝑐 l)

(1)

where z1 and z2 are the surface impedances at respectively
x = 0 and x = l of a layer (Figure 1), Zc is the complex
impedance for dissipating materials and kc is the complex
wave number.
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l

Z1

Z2

x=0

x=l

Figure 1: homogenous material layer.
If this model is applied to multi-layered systems (Figure
2), equation (1) is used for each individual interface and
generalized in the following equation:
𝑧𝑖 = 𝑧𝑐

−𝑖𝑧𝑖−1 cot(𝑘𝑐𝑖 𝑙𝑖 )+𝑧𝑐𝑖
𝑧𝑖−1 −𝑖 z cot(𝑘𝑐𝑖 𝑙𝑖 )

(2)

where li are the thickness of every element constituting
the composition.
𝑍𝑐𝑖 − 𝑘𝑐𝑖

𝑍𝑐𝑖−1 − 𝑘𝑐𝑖−1

𝑍𝑐𝑖−𝑛 − 𝑘𝑐𝑖−𝑛

Figure 2: Progressive impedance method scheme.
This method is widely utilized for systems involving
porous or fibrous materials and in general for composite
systems, used in the field of sound absorption. However,
when the method is applied to transmission loss, the
results are not always reliable because they tend to under
or overestimate the impedance for continuous materials
such as wood, metals, etc.; Furthermore, it fails to take
into account any resonances of the system (Mak and
Wang, 2015) or rigid or viscoelastic connections present
in the composition (Allard and Atalla, 2009).
The last method deals with a mathematical matrix
approach where many dedicated models could be
introduced when needed and solved in an all-inclusive
model (Figure 3).

Figure 3: TMM functional scheme.
More specifically, TMM generally solves a twodimensional problem related to the impact of a flat
acoustic wave on the surface of a structure composed of
two or more layers (Figure 4). In general, the method can
be described analytically as follows:
V(S1) = [T] V(S2)
(3)
The vector V(S1) represents all the variables necessary to
define the acoustic indicators (pressure, stresses, velocity,
etc.) present on the surface S1, while the vector V(S2)
contains the same descriptors for the surface S2. Elements
of matrix T depend on physical and mechanical
parameters relative to each specific layer.
In other words, the transfer matrix [T] describes the full
transmission of sound waves through the layered
structure. The size of this matrix depends on the nature of
each layer, such as solid, fluid, poroelastic or viscoelastic.
The materials within the various coupled layers are
assumed in the first instance to be infinite in the lateral
parts, but in this way there could be significant differences
between the measured values and those simulated,
especially at low frequency. This has been avoided by
using the window with finite limitations (Bonfiglio et al.
2016, Santoni et al., 2017).
Assuming that the layered structure is enveloped in a
semi-infinite fluid on both sides, it is possible to describe
the relationship between the complex transmission T and
the reflection coefficient R as:
𝑇 = −(1 + 𝑅)

det[(𝐷𝑛+1)]
det[𝐷1]

(4)

being [Dn+1] and D1 matrices obtained from a complete
matrix D (combination of transfer matrix of each layer,
coupling matrices and proper boundary conditions) once
columns n+1 and 1 have been deleted.
The complex reflection coefficient is defined as follows:
𝑅=

𝑍𝑠 cos 𝜃−𝑍0
𝑍𝑠 cos 𝜃+𝑍0

(5)

where Z0 = ρ0 c0 represents the characteristic impedance
of the fluid. This is a function of density ρ0 and speed of
sound c0.
Zs represents instead the surface impedance of a layer of
the package considered and can be calculated as follows:
𝑍𝑠 = −

det[𝐷1 ]
det[𝐷2]

(6)
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S2

Layer n

Layer4

Layer 3

Layer 2

pr

Layer 1

S1

Figure 4: Sound wave pi impacting on a multi-layered
structure
This research aims to test and validate numerical
simulations by using the Transfer Matrix Model (TMM)
applied to wooden walls with frame technology, resulting
in the apparent sound insulation index R (Transmission
Loss TL) in frequency. The limits of this method are then
investigated both as regards frequency and complexity of
composition.

Motivation of the study
Acoustic simulations for the determination of parameters
such as apparent sound insulation are traditionally based
either on simple mathematical models such as progressive
impedance, or on predictive formulas derived from
physical or empirical models (Mak and Wang, 2015).
These formulas are derived from the experience of
laboratory or in situ measurements of many partitions.
Traditional finite element (FEM or FEA) or statistical
(SEA) simulation techniques are rarely used in the field
of sound insulation, because the complexity of the
structures involved and the diversity of materials,
combined with the presence of multiphysical phenomena
such as fluid dynamics coupled with the mechanics,
actually frustrate the possibility of using these methods
(Yu et al. 2018). In fact, if results have to be reliable, the
computational times, given the presence of many nodes
and the consequent propagation of the error, are
unacceptable. Moreover, they are typically obtainable
only from low to medium frequencies.
At higher ranges, with the increase of available energy
and therefore of the stimulus for each node, the current
models are not able to respond accurately.
Moreover, such methods do not allow an easy and fast
improvement and optimization of the composition of the
building component. They rather require redrawing it
completely or in part, starting again the simulation from
the initial stage. This means to recreate all the degrees of
freedom, regenerate and refine the mesh and apply all the
loads again. These procedures are time consuming and
imply lots of computational time. For these reasons, more
effective alternative methods such as TMM need to be
studied and validated. This method has the advantage of
not having to completely redesign the geometry of the
sample and of being able to include dedicated analytical

methods focused on specific cases (Munjal, 1993; Allard
and Atalla, 2009). Based on TMM scheme (Figure 3), it
is clear that if it is needed to add another layer or to modify
an existing one, it could be simply implement the
associated matrix on the correct step of the model.
This approach has already been applied to metal framestructures and also to plasterboard double leaves walls
and massive partitions (Sharp, 1978, Vigran, 2010).
Traditional methods like progressive impedances cannot
take into account effectively solid junctions as example or
cannot easily model differences for porous or poroelastic
materials.
TMM was successfully used for multi-layered infinite
plate (Munjal, 1993), finite stiffened and orthotropic
structures lined by porous materials in a multi-layered
configuration (Ghinet and Atalla, 2001), double
fiberboard partitions and sandwich structures
(Dijckmansa and Vermeir, 2010; Piana et al., 2014) sound
absorption forecasting (Verdière et al., 2013), ETHICS
influence on masonry wall (Santoni et al. 2017), but no
application to glulam partitions is currently available.
Some recents studies (Santoni et al., 2017b; Santoni et al.,
2018) dealt with the TMM simulation of cross-laminated
timber walls.
There is therefore a need to understand whether TMM is
able to provide reliable results for prefabricated wooden
partitions with respect to the apparent sound insulation
index that these structures can offer. The simulated results
were then compared to laboratory measured ones.
In addition, the ease of implementation of the model in
the case of TMM allows a parametric analysis of the
individual components and the evaluation of different
layer combinations even much more complex.

Materials and methods
In this work, a numerical model is applied for the
determination of the influence of materials on the
propagation of the acoustic wave.
Investigated structure
In order to understand if the method described above can
be applied to stratified wooden partitions with inner frame
structure, we have proceeded to identify a traditional
partition related to this type of construction and consisting
of the following (Figure 5) elements:
 OSB panel, thickness 2.2 cm
 Wooden beams 16 cm thick and 8 cm wide
 Filling in mineral wool 16 cm thick and density 40
kg/m3
 OSB panel, thickness 1.4 cm
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Table 1: Used parameter for OSB layer (ρ = 700 kg/m3).
Material
OSB
isotropic
OSB
orthotropic
OSB
Visco
elastic

G

[GPa]

[GPa]

3.8

--

3.8

v



1

0.2

0.1

3

1

0.2

0.1

1

0.2

0.1

Depends on
frequency
see Figure 6

Young’s Modulus [Pa]

Figure 5: Studied structure.
In order to obtain an experimental result, this partition
was tested in laboratory according to the series of
standards ISO 10140:2010. This procedure was useful to
study the frequency behavior of partition transmission
loss, to understand the robustness and reliability of the
model and to validate the numerical simulation and the
assumptions related to it. The real timber frame partition
was mounted in laboratory (coupled chambers) and an
airborne omnidirectional noise source was used to excite
the sample.
In order to investigate which model could be more
suitable to be adapted to the different partition
components, various simulation steps were taken:
(i) only the single OSB panel is considered, in order to
investigate its frequency behavior both as isotropic and
orthotropic panel;
(ii) once defined the elastic properties of the external shells
(OSB), the partition is modelled as if the rigid connections
between the two external panels were not present;
(iii) the structural connections are inserted.
In all the previous phases, the OSB panels are considered
elastic solids.
In (iv), the OSB panels are considered as viscoelastic
materials (Figure 3).
OSB mechanical properties are reported in Table 1.
Mineral fiber was modelled as poroelastic medium using
Johnson- Champoux-Allard (JCA) model (Allard and
Atalla, 2009). This model requires the knowledge of five
physical and geometrical parameters (namely, airflow
resistivity, open porosity, tortuosity and viscous and
thermal characteristic lengths). According to this model,
the porous material can be replaced on a macroscopic scale
by an equivalent fluid of effective density ρ and effective
bulk modulus K. The motionless frame condition can occur
either because of high density or elasticity modulus, or
because of particular test conditions (i.e. material placed on
a rigid wall). The viscous effects and thermal exchanges
can be treated separately. In Table 2 the used parameters
and related values for the JCA model are reported for a rock
wool (density 40 kg/m3).

E2
E1 [GPa]

Figure 6: Elastic modulus E [Pa] as a function of
frequency for the OSB panel.
Table 2: Used parameter for poroelastic material,
obtained by inversion from a Kundt tube measurement.
Material









’

Rock wool

15400

0.98

1.04

56e-6

11e-6

where ρ is the density [kg/m3]  is the airflow resistivity
[Ns/m4],  is the open porosity,  is the tortuosity,  is
the viscous length [m] and ’ is the thermal length [m].
Having the input parameters needed for the fluid phases,
a JCA study was implemented in order to estimate the
sound-proofing power R as a function of frequency.
The model used for the study is instead that of the linear
connection with very high rigidity, because of the limited
connection size compared to the length, with a distance
between the linear connections in vertical of 60 cm and an
internal damping  equal to 0.1.

Results
The apparent soundproofing test carried out in the
laboratory is used as a basis for the validation of the model
used. The frequency trend is shown in Figure 7,
highlighting the typical resonance and coincidence zones
for this type of partition.
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TMM results with solid junctions

Experimental Transmission Loss
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Figure 7: Transmission loss frequency trend of
laboratory measurement.
Therefore, by carrying out numerical simulations using
the method of transfer matrices, the frequency behavior of
the various layers reported in the previous paragraph was
investigated. In Figure 8, the frequency trends of the
results of the numerical simulations carried out
exclusively with a single OSB panel are reported.
Comparing the frequency trends with those measured
experimentally, we can see that the orthotropic trend is
not representative of the real model, because the
coincidence phenomenon occurs at lower frequencies
than those found in the laboratory test. On the other hand,
the results provided by the simulation of the isotropic
model show how coincidence occurs at levels comparable
to those measured experimentally. For this reason, in step
(ii), the isotropic model has been maintained for the two
external shells.
In Figure 9 is instead reported the frequency trend of the
results of the simulation operated by inserting the linear
structural connections (iii) (infinite stiffness, massless),
separating the contribution of the airborne sound
transmission from the structural one.

Figure 9: numerical simulations complete partition
taking into account rigid connections.
As is evident, the most important part is represented by
the influence of structural connections that effectively
overcome airborne sound transmission. The final result,
represented by the energy sum of the two curves, clearly
coincides with the structural part.
The latter simulates fairly correctly the frequency
behavior of the real wall up to about 1600 Hz. After this
frequency, the influence of the rigidity of the OSB panels
intervenes in the propagation by raising the curve of the
sound insulation index to non-real values.
To overcome this inconvenience, a frequency-dependent
behavior, linked to OSB panels, was used is reported in
Figure 6.
In Figure 10, the trend of the complete partition is
reported with the addition of the viscoelastic model for
the OSB panels and compared with the experimental data.
TMM results compared with experimental ones
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OSB model comparison
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Figure 8: Numerical simulations for different OSB
models.

Figure 10: Numerical simulations for the partition with
rigid connections and use of the visco-elastic model for
OSB panels. Comparison with experimental data.

Discussion
In this work, a numerical simulation procedure was
presented using transfer matrices and adapting the model
itself to a composite partition made up of wood and
mineral fiber, with the presence of an internal frame. The
aim of the research is to understand the limits of the
method and its possible implementations for numerical
simulation in the field of wooden frame structures.
The results presented show how the method can provide
reliable and robust results.
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In order to understand how this method is more reliable
for this type of application than traditional ones,
(progressive impedances), in Figure 11 the comparison
between progressive impedance obtained using one of the
state-of-the-art commercial software for building
acoustics and TMM is reported, highlighting the big
difference in frequency trend result. Furthermore, as
demonstrated by equation (2), in progressive impedance
method it is not possible to investigate the sound
propagation influence while for TMM (Figure 3,
equations (3)-(6), Figure 9) it is possible to investigate
also the influence of the propagation path as part of a
parameter study.
simulation results comparison
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Figure 11: numerical simulations complete partition
taking into account different model.
In this view, the isotropic or orthotropic nature of the OSB
panel could be investigated and it was concluded that the
first one could come closer to the final performance of the
partition. However, maintaining the isotropic or
orthotropic model, at medium-high frequencies the
dissipative effects inside it are negligible. This is the
reason why it was introduced the viscoelastic model to
better simulate this layer. This behavior is explained by
the intrinsic composition of the OSB panel, composed of
wooden chips pressed and glued together by a
thermoplastic polymer. The related literature (Benkreira,
et al. 2011; Sun et al., 2013) agrees that the dissipative
viscoelastic effect of the polymer, which acts as a matrix,
has a very important role on the propagation of the wave
within recycled materials. In this case, the present
research is fully in agreement with the previous work on
this subject, demonstrating that recycled materials cannot
be modelled in acoustic simulations as homogeneous
layers.
Another important result of this approach is related to the
parameterization of the study, which can then provide
information on the individual actors taking part in the
propagation of the wave within the composite partition.
As demonstrated in Figure 9, the partition could be
extremely performing if it did not include the structural
connections passing from one side to the other. In fact,
airborne sound insulation could potentially reach
extremely high transmission loss values in frequency,
being governed exclusively by the mass-spring-mass
phenomenon.

However, when rigid structural connections are added
across the entire partition thickness, the performance
drops by up to 60 dB due to solid propagation. In this case,
neither the mass of the connection nor its stiffness is very
important; in this case, in fact, it has been set with a very
high value, as the wooden beams are very thin compared
to their length; furthermore, they present in reality a high
transverse elastic modulus and a consequent excellent
transmission of the sound wave. (Bucur et al., 2002; Beall,
2002; Bucur, 2006).
For this reason, associating a viscoelastic behavior to the
two OSB panels, it is possible to obtain a frequency
behavior similar to the measured ones.
In addition, the study was able to show how, without
predefined databases, the transmission loss of complex
wooden structures can be calculated with good reliability.
The use of the TMM method has shown to be the
possibility to study the partition parametrically, in good
agreement with past research (Brunskog and Hammer,
2003a; Brunskog and Hammer, 2003b, Fortini et al.,
2019); it may therefore provide a very powerful tool for
deepening and characterization of the acoustic
performance of this type of partitions.
Moreover, as already highlighted by many research
projects such as Kouyoumji (2015) or Brunskog and
Hammer (2000), the importance of having an instrument
that, after appropriate calibrations, can provide the most
precise forecast of the acoustic performance of complex
walls, presents itself as a strong possibility for the
research, design, implementation and construction of
increasingly complex and performing wooden structures.
The limits of this method lie exclusively in the deep
knowledge of the physical mechanisms that govern the
propagation of the acoustic wave in the different materials
and couplings between them, as well as the possibility of
measuring or finding in the literature reliable data relating
to the mechanical and acoustic characteristics inherent in
the materials. In fact, it has been demonstrated that the
model variation of the OSB panel alone involves or does
not involve obtaining a final result in accordance with the
experimental one.

Conclusion
A prediction model, developed to investigate the
transmission loss provided by timber frame partitions, has
been presented. All the factors necessary for numerical
simulation have been described and their parametric
influence has been discussed and argued.
The results provided by the model based on transfer
matrices (TMM) were then validated by a laboratory
measurement of the partition itself, finding an excellent
agreement between two frequency trends.
It has been demonstrated that the method presents the best
frequency results, also compared to progressive
impedances ones, and that it could provide parametrical
investigations on every step of the analysis highlighting
paramount effects:
1. isotropic behaviour of external panel and its
consequence on coincidence,
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2. viscoelastic influence of OSB panels at middle-high
frequencies,
3. predominant sound wave path transmission through
solid junctions.
In the future, new simulations will be carried out by
adding different layers to the test partition used in this
research work, focusing on ETICS rather than additional
internal layers, to understand how far this innovative way
of simulating the transmission loss of a framed wooden
partition can be taken.
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Abstract
The transfer matrix method (TMM) represents
a powerful tool to investigate wave propagation
through different media, which could be particularly suitable to compute sound transmission through
building partitions. Even though layered structures
can be easily modelled by using the TMM approach,
it is not always easy to determine the elastic properties of each layer the partitions is made of. Traditional partitions, generally made in masonry with
clay or concrete bricks coupled together with mortar joints, are inhomogeneous and anisotropic structures whose elastic properties are difficult to measure. Again, cross-laminated timber (CLT) panels,
due to their peculiar substructure, might exhibit a
highly orthotropic behaviour. A homogenisation approach, based on a minimization algorithm of the
transmission loss (TL) of the bare structure, is proposed in this paper. It allows to consider inhomogeneous or anisotropic materials as an equivalent elastic solid described by effective frequency-depended
elastic properties. The reliability of this approach
is validated by comparing the TL of different building partitions computed using the TMM with the experimental sound insulation determined by means of
laboratory measurements.

Introduction
The overall acoustic performance of a building depends on several factors, such as the acoustic properties of each building element, the effects of the
flanking transmission paths, the mounting conditions
of service equipment and also the workmanship (M.
Caniato et al., 2018; Secchi et al., 2015; Zuccherini
Martello et al., 2015). In order to obtain good acoustic performances and meet the regulation requirements, a proper acoustic design of each single building partition is of fundamental importance. Building construction involves a great variety of technical solutions and materials: either traditional heavy
weight structures, or lightweight elements. Besides,
linings and additional layers are usually employed,
both in heavyweight and in lightweight structures,
in order to improve the thermal and acoustic performance of partition. As shown in a paper recently
published by Santoni et al., 2018b, traditional predic-

tion approaches used in building acoustics can only
be applied to homogeneous monolitic structures. The
transfer matrix methods (TMM) is a powerful tool to
investigate wave propagation and sound transmission
through different media (Allard and Atalla, 2009).
Such a wave propagation-based method is already
widely used in automotive and aerospace acoustic design, but has not gained the same popularity in building acoustics. The layered structure, which characterises several building partitions, can be easily modelled by using the TMM framework, although it is not
easy to determine the elastic properties of each of the
different layers a building partition is made of. Traditional partitions, generally made in masonry with
clay or concrete bricks coupled together with mortar joints, are inhomogeneous and anisotropic structures whose elastic properties are difficult to measure. Lightweight partitions, such as cross-laminated
timber (CLT) panels, have became quite popular in
Europe in the last decade. In fact, CLT elements
are nowadays widely used both as inner or façade
walls and as floors. However, as shown by recent
studies (M. Caniato et al., 2017a; Schoenwald et al.,
2013), the sound insulation performance of CLT bare
structures needs to be improved by using linings and
properly designed acoustic treatments. CLT plates,
due to their peculiar layered substructure, may exhibit a strong orthotropic behaviour. The TMM
can be implemented to model orthotropic and transversely isotropic media (Kuo et al., 2008). However,
it is not straightforward to determine the complete
compliance matrix, expressing the strains-stresses relationship for such media. In this paper, we propose an alternative approach, in which inhomogeneous or anisotropic materials are considered as an
equivalent isotropic elastic solid, described by effective frequency-depended properties. The homogenisation process is based on a minimisation algorithm
of the sound insulation of the bare structure, implemented in the TMM framework. After a brief review
of the TMM, the homogenisation approach, used to
evaluate the equivalent elastic properties from the experimental sound insulation of the bare structure, is
described. This approach was applied to predict the
sound transmission loss provided by different partitions involving both masonry walls and CLT panels
with linings and cladding systems. The reliability of
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the proposed approach is finally evaluated by comparing numerical results with experimental data.

Characterisation of the equivalent homogeneous medium

Transfer Matrix Method framework

As already mentioned, many building partitions are
inhomogeneous anisotropic structures. Masonry walls
for example consist of clay or concrete bricks with
layers of mortar to join the blocks, and they are usually finished with a plaster layer on both sides. The
determination of the elastic properties, such as the
elastic modulus E, the loss factor η and Poisson’s ratio ν, required as input data in the TMM model to
characterise the brick-mortar system, is not trivial.
Previous works tried to deal with this problem using
different approaches. Maysenhölder and Haberkern,
2003, calculated the sound transmission through a periodically inhomogeneous infinite plate under general
conditions. This method is not easily applicable to
realistic and practical purposes, requiring substantial
computational resources. Jacqus et al., 2011, presented a homogenised vibratory model to predict the
acoustic properties of hollow brick walls starting from
the elastic tensor material, measured using an ultrasonic technique, and a numerical model of the single
brick. Dijckmans and Vermeir, 2013, computed the
sound transmission loss of a brick wall, considered
as an equivalent homogeneous isotropic elastic layer
whose properties were determined from the surface
mass of the wall, the measured coincidence frequency
and the measured thickness resonance frequency. The
approach proposed the present paper does not consider the dynamic response of a single brick, but deals
with the entire wall system, because the presence of
mortar joints, or plaster layers, highly influences the
dynamic behaviour of the structure.
CLT structures have become in the last decade a
valuable alternative to traditional construction materials. However, bare CLT panels provide a poor
sound insulation, as it was well documented by several studies in which CLT partitions were experimentaly investigated (Barbaresi et al., 2016; M. Caniato
et al., 2017b; Marco Caniato et al., 2017; Di Bella
et al., 2017). CLT panels consist of an odd number
of layers of timber beams glued together. The orientation of the fibres of each ply is rotated of 90◦ with
respect to the adjoining plies. Due to such layered
sub-structure and the properties of the wood material, CLT plates generally exhibit an orthotropic behaviour (Van Damme et al., 2017). This means that
they have different elastic properties along mutually
perpendicular directions. In structural engineering
CLT panels are generally modelled either by using
an equivalent orthotropic approach or according to a
multi-layer shell model (Izzi et al., 2018). In vibroacoustics CLT panels have successfully been modelled
as equivalent orthotropic thin plates (Santoni et al.,
2017b, 2019), described by frequency-dependent elastic properties in order to take into account the influence of rotatory inertia and shear deformation. How-

Te sound transmission coefficient of a laterally unbounded multilayer element, which separates two
semi-infinite fluids, can be computed by means of
the TMM. The investigated structure is excited by
a plane acoustic wave, impinging with angle of incidence θ, on the surface S1 as shown in Figure 1. The
acoustic field on the surface S1 can be related to the
variables describing the acoustic field on the opposite
surface S2 of the multilayer element according to the
general formalism:
V(S1 ) = [T ] V(S2 )

(1)

The vector V(S1 ) represents all the variables needed to
define the acoustic field on the surface on the source
side: namely, sound pressure and particle velocity;
while the vector V(S2 ) contains all the field variables
associated to the interface surfaces between the different layers: such as pressure, particle velocity, normal
and tangential stresses. The transfer matrix [T ] describes the wave propagation through the investigated
layered element. The size of this matrix depends on
the nature of each layer, for example elastic solid,
fluid, or poroelastic media (Allard and Atalla, 2009).
For each given angular frequency ω and each incidence angle θ of the impinging plane wave, the system
given in Eq. (1) can be solved in order to compute the
sound transmission coefficient τ (ω, θ) of the modelled
layered structure. Several extensions of the TMM
framework have been published in the last years by
different authors. It is possible to increase the accuracy of the method below the coincidence frequency,
by including in the calculation a non-resonant radiation efficiency in order to take into account the finite
dimension of the investigated structure (Bonfiglio et
al., 2016; Rhazi and Atalla, 2010; Villot et al., 2001).
Besides, the TMM can be extended in order to take
into account the contribution of the structure-borne
sound transmission through the mechanical connections between different layers of double-leaf walls or
cladding systems, which causes a reduction of sound
the insulation at the high frequencies. This can be
done by means of a decoupled approach, as described
by Vigran, 2010b and Santoni et al., 2017a). For any
given angular frequency ω, the transmission loss (TL)
due to a perfectly diffuse acoustic field (DAF) can
be computed by integrating the incidence-dependet
transmission coefficient τ (ω, θ) over all the possible
angles of incidence 0 ≤ θ ≤ π/2 as:
Z π/2
τ (ω, θ) cos θ sin θ dθ
(2)
T L(ω) = −10 log 0 Z π/2
cos θ sin θ dθ
0
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Figure 1: TMM diagram: a plane wave impinges, with angle of incidence θ, on the surface S1 of an unbounded
multilayer structure separating two semi-infinite fluid domains.
ever, in order to implement the orthotropic thin plate
model the knowledge of the elastic properties associated to the principal directions is required (Santoni
et al., 2018a, 2017c). In this study, a 3-ply CLT
panel was modelled within the TMM framework as
an equivalent homogeneous isotropic elastic medium,
rather than as an orthotropic 3D elastic solid or an
orthotropic thin plate.
In order to estimate the effective frequency-dependent
elastic properties of an equivalent homogeneous
isotropic layer, a numerical method has been developed within the TMM framework, based on the measured transmission loss. The tested inhomogeneous
element, either constituted by bricks jointed with
mortar, or layered wooden panels made of timber
beams for example, is considered as a single equivalent homogeneous isotropic medium with the same
density and thickness. A set of equivalent mechanical parameters is determined by using a minimisation
procedure. In this process, as illustrated in the workflow chart given in Figure 2, the equivalent homogeneous layer is modelled within TMM. The geometric
properties of the bare building partition, such as its
density ρ, its thickness h and its dimensions Lx and
Ly , are used together with the measured TL as input data, while the elastic properties E and η of the
equivalent homogeneous layer represent the variables
of the algorithm. By means of a non-linear optimization algorithm, based on the Matlab R2014b function
fminsearchbnd (D’Errico, 2005 (Retrieved February
6, 2012)), the TL is computed iteratively by varying
these variables within a given range. The algorithm
tweaks the variables trying to minimise the implemented cost function, represented, in this case, by
the sum of the absolute differences between the experimental TL T Lexp and the results of the TMM
model T LT M M , computed for each one-third octave
frequency band i:
∆T L =

n
X

|T Li,exp − T Li,T M M |

(3)

where n is the total number of frequency bands considered. The algorithm gradually converges towards
a minimum providing, for each frequency band, the
elastic properties E and η of the equivalent homogeneous layer as results. The result of this process
might represents just one of the possible mathematical solutions, and have not a strong physical meaning
in itself. In order to preserve as much as possible
physical significance of the apparent elastic modulus
and the loss factor, the choice of the limits in which
the algorithm works to optimize the parameters is
very important. The upper and lower limits should
define a realistic range of values for the investigated
element. Moreover, this also increase the robustness
of the algorithm, since no significant differences in the
resulting elastic properties are shown when the initial
guess values are changed within such a interval. Since
for all the investigated partitions the loss factor η did
not show a strong frequency-dependency, it was set as
a constant value and the minimisation was performed
only on the apparent elastic modulus E. The Poisson
ratio ν as well was considered a constant, determined,
for each of the investigated structures, from typical
values found in the literature.

Investigated building partitions
A TMM model was implemented in order to investigate three different building walls, sketched in the diagram in Figure 3: W01 CHB P – a clay hollow brick
partitions lined with plasterboard; W02 CB E – a
masonry clay brick wall clad with mineral wool-based
ETICS (External Thermal Insulation Composite System); W03 CLT P – a CLT wall lined with plasterboard. The experimental sound insulation spectrum
of each bare structure, which was used to determine
its effective elastic properties as described in the previous section, was obtained either from measurements
into the sound transmission test facility of the Engineering Department of the University of Ferrara, or
from laboratory reports. In any case, it was measured according to the standard ISO 10140-2, or the

i=1
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Figure 2: Workflow diagram of the homogenisation algorithm used to characterise the elastic properties of the
equivalent isotropic solid layer.
ASTM E90, which is based on the same experimental
procedure.
The basic wall of the first building element, inhere
after referred to as W01 CHB P, was constituted
by horizontally perforated clay hollow bricks 80 mm
thick, bound with mortar joints and plastered on both
sides, for a total thickness of 100 mm and an effective
density of approximately 880 kg/m3 . This wall was
lined with a single layer of plasterboard, 12.5 mm
thick and with a density equal to 740 kg/m3 , fixed
with fasteners to the metal studs, with a horizontal
center to center distance of 600 mm and vertically
spaced 250 mm. The cavity between the plastered
surface of the basic wall and the plasterboard panels
was filled with 45 mm of glass wool material with a
density of 13 kg/m3 . This fibrous material was modelled within the TMM model as an equivalent fluid according to the well known Johnson-Champoux-Allard
model (Champoux and Allard, 1991; Johnson et al.,
1987). The physical parameters required by this
model were determined from the bulk density of the
fibrous material and the average fibres diameter obtained from the literature, by using well established
approaches (Bies and Hansen, 1980; Bonfiglio and
Pompoli, 2013; Castagnede et al., 2000; Luu et al.,
2017) . The plasterboard layer and the basic wall
were both modelled as isotropic elastic solids. The
TL of the bare wall, required to compute the equivalent elastic properties, was obtained from a laboratory test report of the sound insulation performance.
Sound transmission measurements were carried out,
according to the EN 10140-1 standard, both on the
bare brick wall and on the lined partition. Both
the elements, with a surface area of approximately
10.8 m2 , were installed in a wall sound insulation test
facility, satisfying the requirements given in the EN
10140-5. In order to include in the TMM calculation
the structural transmission contribution through the

studs, the decoupled approach proposed by Vigran,
2010b was applied.
The second investigated structure,
named
W02 CB E, was a massive element used for external façades, consisting of a solid clay brick wall
plastered on both sides, for a total thickness of
150 mm and an effective density of 1770 kg/m3 .
This bare structure was clad with 100 mm thick
mineral wool slabs with a density of 78 kg/m3 ,
finished with 5 mm of reinforced cement plaster. The
plastered brick wall was modelled in the TMM as
an equivalent homogeneous elastic layer, described
by a frequency-dependent elastic modulus, given in
Table 1. The finishing layer was also considered
an isotropic elastic layer, characterised by constant
elastic properties derived from the literature. The
mineral wool layer was modelled as a poroelastic
medium, considering the sound propagation through
both the fluid and the solid phase. Its elastic
and physical properties were fully characterised
experimentally in the acoustic laboratories of the
University of Ferrara. The structure-borne sound
transmission due to the mechanical connections
was taken into account by using the approach
specifically developed for ETICS system by Santoni
et al., 2017a. In the same reference, the elastic and
physical properties of all the layers this partition
consist of can also be found. The experimental sound
insulation of the bare wall and the lined structure
was measured in the sound transmission test facility
of the University of Ferrara, on specimens with a
surface area of approximately 10.8 m2 .
The last investigate partition, which is named
W03 CLT P, is constituted by a 3-ply CLT panel
78 mm thick, with a density of approximately
540 kg/m3 . The wall, 3.6 m wide and 2.4 m high, was
assembled from two smaller panel butted together but
not systematically bonded. This element was tested,
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together with other CLT walls and floors, as part
of broad investigation of sound insulation in timber
buildings, conducted by the National Research Council of Canada. The experimental results of several
measured structures, both involving bare CLT panels and lined CLT walls, were published by Hoeller
et al., 2017, presenting the TL of the bare structures
and the improvement provided by the linings in terms
of ∆T L. The considered 3-ply CLT panel was lined
with a double layer of fire-rated plasterboard, screwed
into the wood. Each layer of plasterboard was nominally 12.7 mm thick and with a density of 750 kg/m3 .
Unfortunately the research report published by the
National Research Council of Canada did not provide all the materials’ properties and the information
required as input data in the TMM model, therefore
common practice values were used for these plasterboard panels.

(a)
W01_CHB_P

(b)
W02_CB_E

(c)
W03_CLT_P

Figure 3: Diagram of the three investigated building
walls.

Results and validation
In this section the reliability of the proposed homogenisation approach is investigated by comparing
the TL computed by using the TMM with the experimental sound insulation of the three considered
partitions. The frequency-dependent apparent elastic
properties of the three bare structures, obtained from
the minimisation algorithm, are given in Table 1. In
Figure 4 the sound insulation provided by the partition defined W01 CHB P, is shown. As highlighted
by the comparison between the numerical and experimental sound insulation of the bare brick wall, the frequency dependent elastic properties allowed for a remarkable agreement at the mid-high frequency range,
while the accuracy slightly decreases at the lower frequencies. In fact, most of the fluctuations in the low
frequency range are due to the modal behaviour of the
testing rooms and the investigated structure, which
are not taken into account in the TMM approach.
Therefore, a smoother variation of the elastic properties is preferred in the low frequency range rather
than an highly fluctuating curve that would provide
a perfect match between numerical and experimental

Table 1: Elastic properties of the three bare walls used
as input data for the equivalent homogeneous layer in
the TMM model
f [Hz] EW01 [Pa] EW02 [Pa] EW03 [Pa]
100
1.00 · 1010
2.13 · 1010
2.05 · 1010
10
10
125
1.00 · 10
1.77 · 10
1.20 · 1010
10
10
160
1.00 · 10
1.44 · 10
9.51 · 109
9
10
200
7.82 · 10
1.19 · 10
6.41 · 109
9
9
250
4.53 · 10
9.89 · 10
4.53 · 109
9
9
315
3.01 · 10
8.15 · 10
3.44 · 109
9
9
400
2.40 · 10
6.68 · 10
5.54 · 109
9
9
500
3.35 · 10
5.54 · 10
3.8 · 109
9
9
630
2.85 · 10
4.57 · 10
2.06 · 109
9
9
800
2.28 · 10
3.74 · 10
1.24 · 109
9
9
1000
1.83 · 10
3.10 · 10
1.15 · 109
9
9
1250
1.63 · 10
2.58 · 10
9.90 · 108
9
9
1600
1.33 · 10
2.58 · 10
9.21 · 108
9
9
2000
1.14 · 10
2.58 · 10
7.58 · 108
9
9
2500
1.13 · 10
2.58 · 10
6.67 · 108
8
9
3150
9.96 · 10
2.58 · 10
6.23 · 108
9
9
4000
1.03 · 10
2.58 · 10
5.70 · 108
9
9
5000
1.34 · 10
2.58 · 10
5.28 · 108

data. Moreover, a smooth variation of the frequencydependent elastic properties ensures more reliable results when the equivalent homogeneous solid is coupled with other media; which is the final purpose of
the proposed approach.
A good agreement is shown between the TL computed using the TMM model and the experimental
sound insulation measured on the lined wall. The
cavity between the basic wall and the plasterboard
layer, filled with fibrous material, guarantees a massspring-mass resonance frequency below 100 Hz. In
fact, the TL increases up to approximately 1500 Hz
and drops at 2500 Hz due to the critical frequency of
the plasterboard panel. Below the critical frequency,
the numerical TL is slightly lower than the experimental sound insulation. This is a well-known effects
caused by the the assumption of massless and perfectly rigid structural connection between the basic
wall and the plasterboard (Vigran, 2010a), assumed
by the implemented model, which overestimates the
contribution of the structure-borne sound transmission.
In Figure 5 the TL of the solid brick wall is shown,
both for the bare partition and the wall lined with
the ETICS system. The TMM results are compared
with the experimental sound insulation. The numerical results provided by the proposed model are in
rather good agreement with the experimental data,
within the entire frequency range. The mass-springmass resonant frequency of the building partition is
correctly computed around 150 Hz, between the third
octave bands centred on 125 Hz and 160 Hz. Above
2000 Hz, the reduction of sound insulation, partially
caused by critical frequency region, but mainly due
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Figure 4: Partition W01 CHB P: comparison between the numerical TL computed with the TMM
model and the experimental sound insulation.
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Figure 5: Partition W02 CB E: comparison between
the numerical TL computed with the TMM model and
the experimental sound insulation.

Conclusions
to the bridges’ action, is slightly overestimated due to
the assumption of infinite stiff structural connections.
Finally, in Figure 6 the sound insulation of the
3-ply CLT panel is shown. The first coincidence
and the critical condition, characterising the typical orthotropic behaviour of a CLT plate, fall within
the 400 Hz and the 800 Hz third octave bands respectively. The equivalent isotropic model implemented with frequency-dependent elastic properties
was proven to be suitable to predict this particular
behaviour. The TMM also allowed to predict with
good accuracy the TL provided by the CLT panel
lined with a double layer of fire-rated plasterboard.
As discussed in the Research Report published by
Hoeller et al., 2017, due to the roughness of the CLT
surface the plasterboard panels are decoupled from
the CLT plate by means of a thin layer of air, which
was necessary to include in the TMM computation,
and connected through the wall only by screw fastening. At higher frequency, the critical condition of the
the plasterboard layer is clearly identified between the
2000 Hz and 2500 Hz frequency bands. In this case,
the assumption of perfectly rigid structural bridges
is suitable to accurately describe the fastening condition and provides a good approximation of the sound
insulation of the building partition.

In this paper, the TMM approach has been applied
to compute the TL of three building partitions. Each
structure was constituted by a base element, such
as a brick wall or a CLT panel, with linings or
claddings. A homogenisation approach has been proposed in order to model by means of the TMM composite and anisotropic systems as equivalent isotropic
elastic solids. The homogenisation approach, based
on a minimisation algorithm of the sound insulation
of the bare structure, was implemented within the
TMM framework. It is based on a minimisation algorithm which computes, from the experimental TL
of the bare wall, a set of frequency-dependent elastic properties to characterise the equivalent homogeneous isotropic medium, i.e. elastic modulus and
loss factor. The reliability of this approach has been
assessed by comparing the experimental TL of each
investigated partition with the predicted results computed by using the TMM. In order to analyse the applicability of this method to different building technologies, three different base structures were investigated: a hollow clay brick wall (commonly used as
inner partition); a solid brick wall (used for façades);
a cross laminated timber element. It was possible to
experimentally characterise only few of the materials
the linings were made of, thus several properties were
obtained from typical values found in the literature.
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Figure 6: Partition W03 CLT P: comparison between
the numerical TL computed with the TMM model and
the experimental sound insulation.
Despite these approximations, a very good agreement
was found between the experimental and the numerical TL, proving that the TMM approach certainly
represents a powerful tool to compute the sound insulation performance of building partitions. Moreover, the proposed homogenisation approach provides
reliable equivalent elastic properties to model inhomogeneous and anisotropic partition as equivalent
isotropic elastic solids, which can be easily determined by means of a minimisation algorithm based
on the experimental sound insulation. Since the laboratory test report of the acoustic performance of common building elements is usually provided by the producers, this approach can be helpful in the acoustic
optimisation design of several building partitions. Besides, the homogenisation approach proposed in this
paper is suitable to be applied to a great variety of
structures used in building construction or in other
industrial fields.
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Abstract
The acoustic condition of indoor spaces is one of the
significant indoor environmental factors affecting
building occupants’ perception and performance.
Acoustic analysis of spaces is currently involved in
creating a geometric model of a building and infusing it
with physical properties (such as absorption coefficients
of surface material). This paper aims to evaluate acoustic
conditions of building spaces by calculating reverberation
time (RT), using the (geometric and physical) information
stored by the building designer in the Building
Information Model (BIM). We have developed a program
to identify rooms, calculate RT for each room using
Sabine’s formula by retrieving necessary information
from BIM and an external acoustics material database
(openMAT). Our system also adds the calculated RT
values as new attributes to the BIM and visually
represents RT values based on seven octave-band
frequencies on color-coded floor sheets within the BIM
model. The results of the study indicate that BIM
combined with acoustical simulation will bridge the gap
between the two domains.

Introduction
Building Information Modelling (BIM) facilitates the
integration of data analysis for architects, engineers, and
construction professionals, by providing an informationcentric platform. Acoustic specialists and experts have
recently put an effort to adopt BIM software tools into
their projects. Data are usually retrieved from a BIM
model and are used in acoustical simulation software such
as EASE, Odean, and CATT-Acoustics (Kim & Coffeen,
2013). However, interoperability issues between the BIM
software and acoustical analysis software limit the
applications in practice. One possible solution to this
problem can be performing acoustical simulations locally
in the BIM software. The integration can increase
productivity by facilitating feedback loops between the
architect and acoustic engineer. More importantly, the
coordination among the architectural and acoustic models
will keep both models up-to-date with impacts from the
other discipline changes at various levels of development
(LODs) of the model.
The current practice of transferring geometric and nongeometric data from BIM and plugging into acoustic
simulation software (and vice versa) is time-consuming,

error-prone, and the accuracy of acoustic analysis results
will depend on the expertise of the user. The process is
also unidirectional (i.e., from BIM to the acoustic
software); hence, the simulation outputs cannot be easily
retrieved back to the BIM.
In this paper, we will investigate/implement: (1)
extraction of geometry data from the BIM software; (2)
enriching BIM with acoustic-related data (absorption
coefficients) via an external open format database; (3)
calculation of reverberation time; and (4) visualization of
the simulation results in the BIM software. The main
objectives of the study include: supporting acoustic
simulation as a BIM use, improving interoperability and
decreasing the time for acoustical analysis; creating bidirectional feedback loops between architectural and
acoustical models of a building.

Works done
Wong and Fan (2013) evaluated the use of BIM for
sustainable designs. They studied functions, benefits and
sustainable achievements of BIM inherency and BIMbased analysis tools and concluded that the lack of
interoperability among BIM and other software tools
could potentially limit the application of BIM in the
architectural, engineering and construction industry.
Over the last decade, there have been several attempts to
integrate acoustic analysis into BIM-related software
during the conceptual design phase. A previous study on
code compliance in France used BIM effectively with the
help of the European Enriched Virtual Environments
project (EVE). EVE is a developed program, which
supports the different aspects of a building’s performance,
including environmental noise and indoor noise
compliance against French Building Code for the
Buildings and Construction (B&C). The simulation
module of EVE includes acoustic simulation codes which
originate from a software called ACOUBAT-Son (Maïssa
et al., 2002). Parminder (2015) tried to bridge the gap
between standards for classroom acoustics and real-time
practice of acoustical design of classrooms using BIM,
acoustic simulation and multi-criteria decision modelling
(MCDM). The author calculated values of early decay
time (EDT), reverberation time (RT), and sound pressure
levels (SPL) for classrooms, by importing data from an
Industry Foundation Classes (IFC) model.
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Some BIM software products have acoustic simulation
capabilities. However, they are most useful with respect
to the noise generated from mechanical, electrical and
piping (MEP) systems. Kim et al. (2013) used Autodesk
Revit in conjunction with acoustic simulation software of
EASE, and Autodesk Ecotect to analyze noise levels, RT,
and binaural impulse response of an auditorium while
examining the performance, productivity of the project
design and efficiency of collaboration between architects
and acousticians. They conclude that the interoperability
between BIM and acoustic simulation is of importance to
successful acoustic performance in the building design.
Another interesting aspect of their study was the
comparison between interoperability of EASE and
Ecotect with Revit. They reported that while EASE was
capable of conducting more sophisticated simulations,
Ecotect was more compatible with Revit. According to
this study, EASE has its disadvantages including the time
consuming and complicated process of rebuilding a 3D
model.
Tan et al. (2017) took advantage of IFC 4 and Revit API
to extract geometric data for a concert hall. They then
assigned absorption coefficients to indoor decorated
materials through a plug-in. Finally, an acoustic
simulation was conducted using commercial finite
element solver COMSOL. The authors focused on the
effects of geometry and influence of a sound source. They
calculated RT for the concert hall with different layout
alternatives and various source types of sound and
compared the results. However, they did not return the
calculated properties and simulation results back to the
BIM. In another study with Autodesk Revit, Wu and
Clayton (2015) retrieved geometric data using the
DirectX toolkit and Revit API. They conducted
simulation via C# and manually added the non-geometric
data to their simulation. While they color-coded floor
sheets with their simulation outputs, the results (RT
values) were not stored back in the BIM. This study
interestingly mentions that even-though Ecotect was
developed by Autodesk, they did not add the functionality
of importing non-geometric metadata such as materials
and their absorption coefficients. Other researchers have
also reported Ecotect to be a tool to ‘document results in
a visual manner’, rather than adding numerical outputs as
‘attributes’ of BIM elements (Thuesen, Kirkegaard, &
Jensen, 2010).
The review of the previous literature suggests that the
industry lacks interoperability between BIM and acoustic
simulation tools. Most studies used Autodesk Revit for
3D modelling, in combination with different external
simulation platforms (including Ecotect, EVE, EASE,
etc.) to analyse the models. While some return the
analysis outputs and calculated factors back to the model
and some do not; none of the previous studies stores back
the simulation results as attributes of BIM elements.

Methods
In response to the gaps reported in the literature, the
present study aims to develop a fully BIM-based process

to improve the evaluation of indoor acoustic performance
of buildings by calculating the RT of rooms on each floor
based on seven octave-band frequencies of 125, 250, 500,
1000, 2000, 4000, and 8000 Hz. We selected Autodesk
Revit (as the most common BIM modelling software in
the literature), and aim to return calculated RT values and
store it back in the model, as attributes of rooms.
RT calculation
In this study, the calculations are based on Sabine’s
formula of reverberation time (Kinsler, 2000). The
equation is:
𝑅𝑇60 =

0.161 𝑉
∑𝑆𝛼

(1)

where:
RT60: reverberation time (sec)
V: volume of a room (m3)
S: surface area of material (m2)
𝛼: absorption coefficient
The range of absorption coefficients is from 0 to 1. The
coefficient would be 0 when none of the sounds is
absorbed, and it would be 1 when all of it is absorbed.
Sabine’s equation used in this study assumes a diffuse
sound field for calculating the reverberation time. There
are other equations for non-uniform absorption
distribution in a room, but Sabine’s equation is the most
popular and suitable for prediction a reverberation time
for a general purpose.
Acoustic material open database
An acoustic material database is necessary to find
absorption coefficients of the finish material of all
surfaces inside rooms. Today, researchers and acoustic
consultants have access to many acoustic simulation
programs. These applications can be commercial or opensource. The interoperability between different programs
is practically non-existent since they rely on internally
developed database formats. Therefore, OpenMAT
database project was initiated to support a detailed
description of materials and to provide acoustic
professionals with an exchangeable database usable in
acoustical simulation software (Schröder et al., 2013).
OpenMAT can store both numerical data and metainformation of the material in an open Extensible Markup
Language (XML) format. The available data are
absorption coefficients, scattering coefficients, the price
of material, URL, a photo of materials texture, and etc.
Moreover, OpenMAT has both C++ and Python library
for external coding.
3D Model preparation
A Revit model of a building passed to an acoustic
engineer from an architect needs some pre-processing
before the RT simulation. The preparation process
includes steps such as:
 Making sure that walls and ceilings are joined
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 Double checking rooms defined in the architectural
model
 Checking rooms’ constraints and changing the “limit
offset” of the rooms based on the thickness of the
ceiling if needed.
Additionally, since the simulation is conducted through a
process developed in Dynamo in this study, some
additional steps are needed to set up required libraries.
Our code uses the following dependencies: Bakery
(2018.4.301), Clockwork for Dynamo 2.x (2.1.0),
RevitPython (1.0.0), and Spring Nodes (132.2.8).
Dynamo is a node-based programming tool, which can be
accessed through either Revit or Dynamo Studio. In this
study, Dynamo is used in conjunction with OpenMAT
database to calculate RT for rooms on each floor of a
building through its Revit models.
RT calculation module
Our analysis process (and the program developed in
Dynamo based on it) consists of 10 major components
(also known as “blocks”), each of which is composed of
smaller sub-processes. Figure 1 illustrates the process and
the relations among the blocks. Sub-processes in each
block is explained in the following.
1. Room Area
Calculation

3. Floor Finish
Material Detection

2. Floor & Ceiling
Area Calculation

6. Material-Area
Matrix Formation
for Walls

8.
openMat
DB

4. Ceiling Finish
Material Detection

5. Material-Area
Matrix Formation for
Floors & Ceilings

7. Room
Volume
Calculation

9. Matching Material
& RT Calculaion

10. RT Assignment to
the Rooms

Figure 1: Process of RT calculation and assignment
1. Calculation of Rooms’ area: All ‘Room Elements’
from the ‘Room Category’ are called from the Revit
model. The extrusion of their base boundary is then
intersected with a plane made from the room’s
bottom closed curve. This process will produce
‘surfaces’ which their area can be measured. These
will be then calculated as the area of rooms.
2. Floor & Ceiling area calculation: Our assumption is
that both the ‘Floor’ and ‘Ceiling’ have the same
areas. On the basis of this simple assumption, a list of
areas retrieved from the previous block is duplicated
and transposed to create material-area matrix for
floors and ceilings (block 5).

3. Detecting Floor’s finish material: ‘Floor Elements’
are filtered among all elements of each ‘Floor’. Then,
the floor’s finish is extracted using a custom node.
The ‘Material’ of the floor’s finish is then passed to
the next node block.
4. Finding Ceiling’s finish material: The exact same
procedure as block 3 is repeated for ‘Ceiling
Elements’ this time. The main difference is that the
finish is at the bottom layer for ceilings, and the finish
is the top layer of the element for floors.
5. Floor & Ceiling (Material–Area) Matrix: Our
assumption is that all rooms in the same level are
similar in terms of floor and ceiling finish materials.
Although this is a limiting assumption and must be
resolved in future versions of the system, it allows us
to easily combine Floor’s (and Ceiling’s) finish
materials and replicate them for as many rooms as
exist on that floor to create a ‘Material Matrix’ of
floor & ceiling for each level of the building. This
matrix is then combined with the area matrix received
from Block 2 is and transposed to create the ‘Floor &
Ceiling (Material - Area) Matrix’.
6. Wall’s Finishes (Material–Area) Matrix: This block
is similar to the previous one, but for Wall elements
except that wall finishes dimensions do not exactly
match the dimensions of walls since their start and
end points are from the top of the floor’s finish to the
bottom of the ceiling’s Finish. Based on the above
assumption, and using two python scripts, Wall
Finishes’ ‘Material’ and ‘Area’ are calculated. They
are then combined and transposed to create the
‘Wall’s Finishes (Material - Area) Matrix’.
7. Calculating volume of Rooms: All ‘Room Elements’
from the ‘Room Category’ are called and solid shapes
are generated from their geometry. The volumes of
these solids are retrieved, multiplied by the constant
value 0.161, and passed on to the next block to be
used in the numerator of Sabine’s RT formula.
8. Parsing OpenMat database for absorption
coefficients: The openMAT database is called from
its path and is parsed using ElemenTree3 node to
retrieve all the ‘Material Names’ accompanied by
their 7 ‘Absorption Coefficients’ and form a matrix
that we call ‘Material & Absorption Coefficients’.
The result is passed on to the next major block to be
used in the calculation of the RT for each of the
rooms.
9. Matching Materials and calculating RT: This block
consists of two nodes: the core node running a python
code, and a ‘watch’ node. The python code receives
as input, the matrices of: ‘Material & Absorption
Coefficients’, ‘Floor & Ceiling (Material - Area)’,
‘Wall Finishes (Material - Area)’, and Sabine’s RT
‘Numerator’ and calculates as the output the
reverberation times per room on each floor. The
Python code searches for the finish materials of the
model in the ‘Material & Absorption Coefficients
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Matrix’ which was passed from Block 8, and uses the
associated coefficients to calculate the RTs.
10. Assigning values to parameters RT: This is a
combination of seven blocks. In each block, one set
of calculated RTs are picked and assigned to room’s
parameter Reverberation Time i (an integer from 1 to
7, representing the 7 octave-band frequencies).

values). Figure 2 presents examples of visualization for
the simulation results.

Visualization module
This module visualizes the results back in BIM. It is
composed of two major components.
1. Creating views: this component consists of 7 blocks,
each is creating a view (to represent one of the RT)
per each floor. It works by replicating existing views
of floors and renaming them (by adding “_RTi” to the
end of the view name. These views will go through
the color-coding method and will represent RT of
rooms on a floor for one of the 7 octave-band
frequencies calculated.
2. Colouring each level: This component color-codes
the seven replica floor plan views. All rooms are
geometrically extruded as solids, and ‘color weights’
are assigned to them based on the range from the
highest and lowest RTs of the rooms.

(a) 13th floor

(b) 14th floor
Figure 3: Example of simulation visualization (RT1)

Figure 2: JMSB Building and its digital model
Case study
In order to validate and verify the developed system and
examine the practicality and efficiency of this process in
action, an educational space at Concordia University in
Montréal was studied. Autodesk Revit 2019 was selected
as the BIM software to analyse the model of John Molson
School of Business at Concordia. This building has 17
floors and 37,000 gross square meters of area. The
building was opened in 2009 and is LEED Silver certified.
We analysed the Revit model of the building and
compared the outputs versus RT values manually
calculated in Microsoft Excel, to verify the outputs of the
developed system.

Results and discussion
Absorption coefficients were extracted from the database
of Physikalisch Technische Bundesanstalt (PTB). All
minor surfaces such as doors, windows, partitions and
furniture are ignored because the information was not
available in the BIM model. The future study, however,
should include the neglected components with the
detailed model. We selected a colour code, covering
shades of red (from dark, i.e. high, to light, i.e. low, RT

The comparison of our results versus the results
calculated manually in MS EXCEL shows a very close
conformation for the results generated by the developed
software system. The average difference between
calculated and simulated RTs across the octave band
frequencies from 125Hz to 8kHz is 0.23% with the
standard deviation of 1%.
On the other hand, the RT values calculated were
compared against the suggested values from ANSI/ASA
S12.60-2010 for evaluation of the building’s acoustical
performance. The standard recommends reverberation
time of 0.6 seconds for classrooms with enclosed volume
up to 283 m3, and 0.7 seconds for larger classrooms.
Almost half of the RTs calculated for classrooms in JMSB
building were above this range.
While the approach used in our study is similar to
previous works with respect to the use of Revit as the BIM
authoring software and choosing RT as the building
acoustic performance factor, this study contributes to this
field by:
 Calculatiing of RT within the Revit environment and
avoiding the use of IFC exports (and the interruptions
associated with it),
 Accessing to both geometric and non-geometric
parameters without regenerating the 3D model,
 Using an open acoustic material database which can
be completed and shared with others on the fly,
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 Creating a bidirectional path and a closed feedback
loop between architectural and acoustical models.

Conclusion
Improving productivity and efficiency of shared
information among the acoustic professionals and
architects was the main objective of this study. This paper
pointed out the information technology gap between the
two fields and suggested one solution for bridging part of
it. We calculated the reverberation time of rooms using an
external acoustic material database, a Revit 3D model,
and the analysis process that we developed, without
involving any additional third-party application. On the
one hand, this resolve interoperability issues reported in
the previous works (by keeping the entire process in the
same software environment) and on the other hand,
storing the simulation outputs back in association with
room elements enriches the BIM model. Creating closed
feedback loops in BIM (as a process) is shown to be in
line with the goals of achieving higher levels of BIM
maturity in architecture, engineering and construction
organizations.
The limitations of this study range from scope (to the
calculation of reverberation time), to assumptions and
algorithmic limitations. The future versions of the system
can be extended to simulation and calculation of factors
such as sound level and structure-borne noise.
Additionally, the system must be tested by models with a
higher level of detail. Future works can study other forms
of construction and building types. Moreover, each of the
four simplifying assumptions mentioned in the methods
section, adds limitations to the system that must be
improved in future developments. Integrating OpenMat
databases in BIM-based simulations requires better
semantic integration. This can, for example, include
developing and using “Material Universal ID” system,
rather than searching material by their names. An
alternative solution (which will need the software vendor
initiatives) can be to enrich Revit material database with
more detailed material properties. Another important
improvement which is currently underway is including
absorptions by furniture, windows and doors for RT
simulation results; RT values for a vacant building (as
calculated in this paper) are expected to be higher than the
values for a furnished one.
Despite its limitations, this study successfully
accomplished the defined objectives to bridge the gap
between BIM authoring software and acoustical
simulation, and consequently architects and acousticians.
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Abstract
Glass curtain walls are comprehensive systems including
glazing, frame, structural sealing and gasket. These
components for unitized and non-unitized (stick-built)
systems are technologically sophisticated and work
together as a complex dynamic system. The intricate
design has to account for structural deflections, thermal
properties, acoustic performance, moisture control, fire
and smoke protection, among others. Therefore, the
design and installation of these components should be
conducted as unique process to provide all the described
building performance.
One of the most critical aspects is related to noise
insulation design. On the one hand, research on sound
transmission loss in curtain wall systems is conducted
through field tests. Although providing the best results,
there are very expensive and their findings apply to the
specific structure analysed. On the other hand,
computational approaches are generally conducted
through theoretical Statistical Energy Analysis (SEA)
models or theoretical sound isolation prediction
simulations. Both methods do not provide reliable
solutions and do not include dedicated mathematical
models. A third computational approach can be adopted,
based on architectural acoustic modelling and Transfer
Matrix Method.
The aim of this paper is to determine the transmission loss
of a curtain wall by means of this approach. The limits of
these simulations are investigated in comparison with
laboratory results.

Introduction
Sound transmission across a façade limits the potential
acoustic insulation between outer and inner spaces and is
rarely considered in the design of glass curtain wall
construction, with negative impact on the final
performance. Sound paths across curtain walls
compromise the interior sound isolation and transfer
acoustic energy by way of structural connection to the
curtain wall, such as vertical and horizontal mullion, gas
gaps, etc. Acoustic performance is degraded as a result of
these acoustic weaknesses and thus perceived as
discomfortable.
Although their crucial acoustic relevance, curtain wall
systems design is engineered to perform other multidisciplinary functions that cohesively integrate
architectonic interactions including structural deflection,

thermal resistance, fire and smoke protection and
architectural detailing, but acoustic. As an example,
Kazmierczak (2010) observed that a significant gap
between the users’ expectations and actual performance
of curtain walls, ranging from a simple glare discomfort
to a major structural collapse. Also, the reasons for poor
performance is often a misunderstanding of fundamental
principles of façade design and structural concept of
curtain walls by construction parties, and gaps of
oversight and coordination in the established project
delivery routines.
Nevertheless, this integrated engineering process has
various design impacts relevant to the acoustic
performance and specification of the curtain wall. The
need to predict the behavior of glazed structures is evident
from many researches, as the determination of the
acoustic performance usually takes place in laboratories.
These tests are demanding both for the cost and for time.
Ford (1994) used small sample tests results and predicted
the critical frequency accurately and the overall
transmission loss reasonably well. The predicted values
were 1-2 dB less than those measured.
Ruggeri et al. (2015) dealt with the insulation glazing unit
simulation laboratory test and Transfer Matrix Method
(TMM) simulation reporting that a good agreement with
numerical analysis and measurements could be found.
Furthermore a numerical regressive model could be
implemented up to Rw,window =48 dB.
Bielefeld (2018) demonstrated, by means of
measurements, that to be able to utilize the full benefits of
the latest high-performing glass products in curtain walls,
such as double insulated and laminated-insulated glazing,
façade framing components will require improvements.
Masovic et a. (2013) demonstrated that the type of wall
structure influences the significance of the non-acoustic
parameters. Also, the relations between different single
number values vary depending on the wall structure of the
measurement site.
Sound isolation is worldwide identified with the
Transmission Loss (TL). TL is a figure rating that defines
how effectively a building element (e.g. wall, floor or
façade) opposes to airborne sound transmission. This
index is commonly used to define performance criteria to
limit disturbance between adjacent spaces during
simultaneous activities. TL is evaluated in acoustic
laboratories where the building test specimen is mounted
between source and receiving chambers and assessed for
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transmission loss. The testing procedure takes into
account the overall radiating surface area of the building
element. The measurement and testing standard procedure
is defined in standard (series) ISO 10140:2010.
Very few studies on simulation of laboratory TL are
presented in literature.
Piscoya and Ochmann (2012) presents an iterative
approach to simulate TL measurements. The method
solves three separate smaller systems instead of one large
system. A BEM technique was used and results only up
to 800 Hz were inferred, highlighting the limit of this
method.
Accordingly, Meissnitzer et al. (2014) tested and
validated a simulation in laboratory using multiphysics
technique with reliable results only up to 354 Hz.
In order to improve the simulation results, the design and
performance forecasting tools of these constructions must
evolve and adapt to new constructions and their
particularities (Farina and Tronchin, 2013). Nowadays
there is need for increasingly accurate and detailed
forecasts of the behavior of individual components and to
be able to optimize the composition directly within the
same analysis tool, without having to run multiple tools
and combine results together.
Available methodologies for acoustic simulation of
transmission loss are:
1. Empirical or semi-empirical models
2. Statistical Energy Analisys (SEA)
3. Finite Element Method (FEM) or Analisys (FEA)
4. Progressive Impedance Method (PIM)
5. Transfer Matrix Method.
Empirical or semi-empirical models are very related to
single compositions and could not include variations
(Mak and Wang, 2015). For example equations are
available for dedicated cases such as double-leaf masonry
partitions valid for 80 ≤ m′ ≤ 400 [kg/m2] and for a
maximum air gap thickness of 5 cm or plasterboard with
an upper limit of m′ ≤ 150 [kg/m2], etc. Moreover, the
majority of these models do not provide frequency
information but just global indexes and cannot be applied
to glazed structures.
As regards SEA, FEM and FEA, recent works managed
to solve the problem for timber structures using for
example SEA (Kouyoumji, 2013; Kouyoumji and Guigo,
2015; Wang and Rajaram, Kouyoumji, 2015), FEM
analysis (Mahn and al., 2014), or FEA (Henning et al.,
2013) trying to cover other possibilities. However, these
methodologies are always related to single specific
configurations or to specific frequencies and cannot be
generalized to other configurations.
PIM (Fringuellino and Guglielmone, 2000) generalizes
the problem, starting from the materials properties and
including the 2D wave propagation, considering constant
and homogeneous the material properties for single layer.
This method defines the surface acoustic impedance
parameter defined as follows:
Zc

[rayl]

(1)

where Z1 and Z2 are the surface impedances at
respectively x = 0 and x = l of a layer (Figure 1), Zc is the
complex impedance for dissipating materials and kc is the
complex wave number.
l

Z1

Z2

x=0

x=l

Figure 1: homogenous material layer.

If this model is applied to multi-layered systems (Figure
2), equation (1) is used for each individual interface and
generalized in the following equation:
[rayl]

(2)

where li are the thickness of every element constituting
the composition.
;

;

;

Figure 2: Progressive impedance method scheme.

This method is widely utilized for systems involving
porous or fibrous materials and in general for composite
systems, used in the field of sound absorption. However,
when applied to transmission loss, the results are not
always reliable because of under or overestimation of the
impedance for continuous materials such as wood, metals,
etc. Furthermore, it fails to take into account any
resonances of the system (Mak and Wang, 2015) or rigid
or viscoelastic connections present in the composition
(Allard and Atalla, 2009).
TMM deals with a mathematical matrix approach where
many dedicated models could be introduced when needed
and solved in an all-inclusive model.
More specifically, TMM generally solves a twodimensional problem related to the impact of a flat
acoustic wave on the surface of a structure composed of
two or more layers (Figure 3). In general, the method can
be described analytically as follows.
A vector V(S1):
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V(S1) = [D] V(S2)
(3)
is defined to represent all the involved variables on
surface S1. In the acoustic application pressures, stresses,
velocity, etc., are considered. A matrix T depending on
physical and mechanical parameters relative to each
specific layer is used to transfer the effect of the loads on
surface S2 as described in vector V(S2).
The size of this matrix depends on the nature of each
layer, such as solid, fluid, poroelastic or viscoelastic. The
materials within the various coupled layers are assumed
in the first instance to be infinite in the lateral parts, but in
this way there could be significant differences between
the measured values and those simulated, especially at
low frequency. This has been avoided by using the spatial
windowing technique with finite limitations (Bonfiglio et
al. 2016).
Assuming that the layered structure is enveloped in a
semi-infinite fluid on both sides, it is possible to describe
the relationship between the complex transmission T and
the reflection coefficient R as:
! 1#$

%& ' (

)

(4)

%& '( )

being [Dn+1] and D1 matrices obtained from a complete
matrix D (combination of transfer matrix of each layer,
coupling matrices and proper boundary conditions) once
columns n+1 and 1 have been deleted.
The complex reflection coefficient is defined as follows:
$

*
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-

*
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-

(5)

where Z0 = ρ0 c0 represents the characteristic impedance
of the fluid. This is a function of density ρ0 and speed of
sound c0.
Zs represents instead the surface impedance of a layer of
the package considered and can be calculated as follows:
.

!

%& '( )
%& '( )

[rayl]

(6)

pi
S2

Layer n

Layer4

Layer 3

Layer 2

pr

Layer 1

S1

Figure 3: Sound wave pi impacting on a multi-layered
structure. only the left boundary condition are realistic
and the propagation arrows is only to indicate the
direction of propagation.
To derive the propagation of sound through materials,
TMM requires to know very well the mechanical
characteristics of the materials, especially with
viscoelastic properties and behaviors variable in
frequency. Some of those features are not known for

glazing systems including air gaps, and need to be
derived.
For this reason, a simulation with the pyramid tracing
method can be used to solve the problem. This way, the
influence of the laboratory can also be taken into account
and can be studied according to the propagation of the
wave from one room to another.
Pyramid tracing is a numerical modelling technique,
suitable for room acoustics and outdoor calculations
(Farina 1995a, Farina 1995b, Tronchin and Coli, 2015). It
was widely used to forecast room acoustic performances
and indexes (Campo et al., 2000; Magrini and Ricciardi,
2006).
This method requires the 3D geometry of the volumes and
the definitions of the frequency transmission loss of all
involved materials.
The scope of this research is focused on the direct sound
transmission and its possible limitation across two
selected façade elements to study limitations of their
inherent structure:
1. vertical and horizontal mullion
2. curtain wall glazing.
Sound transmission loss measurements from these
component investigations are analytically studied to
evaluate frequency regimes, trends, and correlations with
respect to performance and material assemblies.
Thus, the research aims at testing and validating
numerical simulations using the Transfer Matrix Model
(TMM) and 3D acoustic pyramid tracing applied to the
prediction of laboratory TL of curtain glazed walls. The
limits of this integrated method are then investigated both
in frequency and complexity of composition.

Motivation of the study
Curtain walls are partitions made up of elements that can
present different and complex forms and materials
assembly. For this reason, the simulation of their acoustic
performance is very complex. At the moment there is no
unique methodology to study and model their overall
complexity. They consist of a glazed part installed on a
supporting mullions, typically made of metal profiles.
However, the glazed part has been studied at present days
in many of its configurations and several laboratory tests
or numerical studies are available in the literature for the
prediction of transmission loss (Pilkington, 2008;
Pilkington, 2014; Baldinelli et al., 2014; Ou et al., 2016).
The mullion can assume many configurations (Valmont,
2015), quite often specific to the different periods and
characterized by very different shapes and connotations.
Inside, they present very complex configurations with
alternations and couplings of metallic and polymeric
materials, presenting numerous structural connections,
both rigid and resilient. In addition, its small size in width
and much larger extension in height make it an extremely
difficult element to model.
For these reasons, the TMM method can be used to
provide the pyramid tracing simulation with the frequency
trend of the transmission loss of the mullion. The
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traditional method of the progressive impedance cannot
be applied due to the geometric complexity and the
presence of numerous structural connections.
On the other hand, the TMM cannot analyze threedimensional structure and therefore cannot take into
account particular forms and geometries in the outgoing
axis of the study plan. In this case, a 3D modeling
technique such as pyramid tracing could be used.
The aim of this work is therefore to combine two methods
of simulation of the acoustic properties, providing a
repeatable and reproducible methodology for predicting
the acoustic performance of curtain walls.

mullion

Glazed
strucutre

Materials and methods
In this work, a numerical model is applied for the
determination of the transmission loss of curtain all, using
both TMM model and 3D pyramid tracing simulation.
Finally, the obtained results are compared to the ones
measured according to standard (series) 10140:2010. A
scheme of the data flux is reported in Figure 4.
For the mullion, a TMM simulation was performed using
geometrical windowing of 0.3 m thickness and 2.7 m
height. For glazed parts, literature and measured values
were used. Then, the transmission loss properties were
transferred to a 3D pyramid tracing model, reproducing a
real acoustic facility laboratory.

Mullion

Glazing

Dedicated geometry

Dedicated composition

TMM

In order to obtain an experimental result, this partition
was tested in laboratory according to the series of
standards ISO 10140:2010. This procedure was useful to
study the frequency behavior of partition transmission
loss, to understand the robustness and reliability of the
model and to validate the numerical simulation and the
assumptions related to it. The real curtain wall was
mounted in laboratory (coupled chambers) and an
airborne omnidirectional noise source was used to excite
the sample.
Glazing,
8 mm

Gas gap,
16 mm

Acustic
PVB layer

Laboratory
measurements

Materials properties

Finite size

Figure 5: Studied structure.

Literature available
tests

Measured values
Pyramid tracing

Figure 6: glazed structure.

Transmission loss
Bronze

Aluminium

Comparison between measured
and simulated values
steel

Figure 4: Simulation data flux scheme.

Investigated structure
In order to understand if the method described above can
be applied to curtain walls, a real configuration was
chosen (Figure 5) comprising the following elements,
repeated in a periodic structure:

Air

EPDM

• Glazed part composed by 88.1 / gas gap 16 mm
thickness / 88.1 (Figure 6)
• Mullion composed by bronze and aluminium
(structural) and sealings (Figure 7).
Figure 7: mullion (left half part).
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3D pyramid tracing simulation
In order to compare the simulated results with the
measured ones, a 3D model of the test laboratory was
reconstructed with the exact geometrical dimensions and
inclinations of the external partitions of the two coupled
chambers. Figure 8 shows the three-dimensional diagram
of the test facility with the studied sample highlighted.
The periodic structure is reported, consisting of the glazed
part (blue) and the mullion (red).
The characteristics of the external partitions (grey) of the
laboratory are reported in Table 1.
The transmission loss data are taken from Litvin and
Belliston (1978) considering a concrete wall of 20 cm
thickness and an approximate weight of 500 kg/m2. These
values represent the results of a laboratory measurements
campaign on concrete partitions.
The sound absorption coefficient (α) values were taken
from the software database for a rough concrete wall.
Room relative humidity and temperature were set as
follows:
• Temperature: 21 °C
• Relative humidity: 55%
Table 1: acoustic properties of the external laboratory
partitions.

Frequency
[Hz]

Sound absorbing
coefficient α [-]

TL
(dB)

100

0.01

43.7

125
160
200
250
315

0.01
0.01
0.01
0.01
0.01

44.0
44.3
45.1
48.4
50.2

400

0.01

53.8

500

0.02

55.3

630

0.02

56.2

800

0.02

56.2

1000

Figure 8: 3D model of an acoustic laboratory (coupled rooms).

In order to have reliable results, a modified pink noise
omnidirectional sound source was utilized, fitting the
requirements and the laboratory measured values. This
process was performed verifying at the receivers the
sound pressure levels and, as a consequence, modifying
the sound source according to the laboratory measured
one. Frequency acoustic parameters (sound power level,
directivity and efficiency) are reported in Table 2. It could
be seen that the influence of the geometrical parameters
of the real laboratory facilities actually influence the
sound field in the emitting room, modifying the ideal pink
noise.
If an ideal omnidirectional acoustic source was used, final
results may be affected by differences in sound
propagation, because of the presence of more energy in
the emitting room. The pink noise source was validated
using the measurements in the source room. The noise of
the omnidirectional source was then adapted, basing on
receivers results, in order to obtain the closest frequency
trend levels. Therefore, indoor reflections were not taken
into account twice.
Table 2: frequency acoustic parameters of the modified
omnidirectional sound source.

Frequency
[Hz]

Power level
(dB)

Directivity
factor
(--)

efficiency
%

63.4

100

95

1

100

125
160
200
250
315

95
97
100
101
103

1
1
1
1
1

100
100
100
100
100

400

99

1

100

500

0.02

58.4

1250

0.02

60.0

1600

0.03

62.1

2000

0.03

2500

0.03

65.5

3150

0.04

66.1

4000

0.04

67.1

5000

0.05

68.8

101

1

100

630

99

1

100

800

95

1

100

1000

97

1

100

1250

95

1

100
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2000

101

1

100
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2500

98

1

100
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96

1

100

4000
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1

100

92

1

100

5000

120
100

TL (dB)

80
60

airborne
structure borne

20
0
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Figure 9: Transmission loss frequency trend of laboratory
measurement.

The results of the 3D coupled simulation performed by
pyramid tracing is reported in Figure 10 for the emitting
room and in Figure 11 for the receiving room.
105

sound pressure level (dB)

40
30

measured

20

simulated

10
63

The results of the TMM simulation of the mullion are
highlighted in Figure 9. As it is evident, the most
important part is represented by the influence of the
airborne path that effectively overcomes structural-born
sound transmission. The final result, represented by the
energy sum of the two curves, clearly coincides with the
airborne one. Even if the mullion could be sketched using
an assembly with many structural studs, the part related to
the glazing insertion is constituted of resilient polymers
which decouple the external part from the internal one.
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Figure 10: comparison of the simulated and measured average
sound pressure level in the emitting room.
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Figure 11: comparison of the simulated and measured average
sound pressure level in the receiving room.

The results clearly highlight a very good agreement
between the sound pressure level measured and simulated
in the emitting room. This means that the energy coming
from the emitting chamber actually reflects what is
received from the partition under test, respecting any
resonance and coincidence frequencies proper to the
sample and any normal modes of vibration of the room.
This result shows how the chosen 3D simulation
technique (pyramid tracing) is able to correctly take into
account all these room acoustics elements (Durany et. Al,
2015; Albuquerque et al., 2015; Cannistraro et al, 2016;).
Moreover, the results found in the receiving room show a
good agreement between the simulations and the
experimental measurements with a special focus to
frequency trend and range, even if in this case the
numerical part is almost always lower than the
experimental trend.
This may be due to the fact that the effects produced by
the diffusing screens actually present in the laboratory at
the time of the measurement, but not computed in the
three-dimensional simulation, have not been taken into
account.
An additional aspect may also be represented by a further
investigation on the physical and mechanical properties of
the materials constituting the mullion, even if the TMM
simulation technique has reported values similar to those
in the literature (Valmont, 2015). Given the complexity of
mullion layering and composition, the correct values to be
used would require a specific laboratory test to understand
the actual frequency behavior. However, since the
accurate laboratory result of transmission loss of the
specific mullion is not available, it is not possible to
validate precisely the mullion simulation. For the glazing,
the frequency estimation was taken from laboratory tests
available in the literature; thus, there may be small
deviations in frequency between what is measured and
what is actually installed.

Conclusion
A prediction model, developed to investigate the
transmission loss provided by curtain wall, has been
presented. All the factors necessary for numerical
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simulation have been described and their parametric
influence has been discussed and argued.
The results provided by the model based on transfer
matrices (TMM) coupled with a 3D pyramid tracing were
then validated by a laboratory measurement of the curtain
wall itself, finding an excellent agreement between two
frequency trends.
It has been demonstrated that the method presents good
frequency results and that it could provide parametrical
investigations on the two different elements composing
the sample, namely glazed parts and mullion.
In conclusion, it could be affirmed that the combination
of the two methods of simulation, even with their intrinsic
limitations, have provided results in good agreement with
the experimental ones and that, therefore, the used method
can be extended and generalized to other constructive
typologies.
In the future, new simulations will be carried out by
optimizing the TMM results on the mullion, in order to
better understand the contribution that the individual
parties can provide to the final result of the transmission
loss and the possible generated errors. The threedimensional simulation will also be optimized in order to
consider and implement the effects of diffusion of the
acoustic field in the receiving room.
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