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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 multi-

disciplinary 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. 

 

 
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: 

 �� �  ��
� ������ �����

� �����
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     [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 two-

dimensional 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): 

Z1 Z2 

l 

x=0 x=l 

� ;  ��
�  ��

��� ;  ��
��� ��

��� ;  ��
��� 
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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: 

 $ �  	* ��+ ,�	-

	* ��+ ,�	-
 (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) 

 

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 three-

dimensional 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. 

 

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. 

 
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: 

• 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 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 curtain wall was 

mounted in laboratory (coupled chambers) and an 

airborne omnidirectional noise source was used to excite 

the sample. 

 

 

 

 

Figure 6: glazed structure. 

 
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 0.01 44.0 

160 0.01 44.3 

200 0.01 45.1 

250 0.01 48.4 

315 0.01 50.2 

400 0.01 53.8 

500 0.02 55.3 

630 0.02 56.2 

800 0.02 56.2 

1000 0.02 58.4 

1250 0.02 60.0 

1600 0.03 62.1 

2000 0.03 63.4 

2500 0.03 65.5 

3150 0.04 66.1 

4000 0.04 67.1 

5000 0.05 68.8 

   

 
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 

% 

100 95 1 100 

125 95 1 100 

160 97 1 100 

200 100 1 100 

250 101 1 100 

315 103 1 100 

400 99 1 100 

500 101 1 100 

630 99 1 100 

800 95 1 100 

1000 97 1 100 

1250 95 1 100 
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1600 98 1 100 

2000 101 1 100 

2500 98 1 100 

3150 96 1 100 

4000 94 1 100 

5000 92 1 100 

 

Results and discussion 

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.  

 

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. 

 
Figure 10: comparison of the simulated and measured average 

sound pressure level in the emitting room. 

 
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 three-

dimensional 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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