


the practitioner will always have the ability to turn up the volume 
of the source. 

However, the use of loudspeakers has a main drawback, which 
is derived from the non-uniform sound pressure level on each part 
of the facade. To minimize this effect, ISO 16283-3 establishes 
some constraints on the loudspeaker's emissions: "The directivity 
of the loudspeaker in the free field shall be such that the local dif-
ferences in the sound pressure level in each frequency band of 
interest are less than 5 dB, as measured on an imaginary surface 
of the same size and orientation as the test specimen". The direc
tivity of the loudspeaker, and the distance from the loudspeaker 
to any part of the facade, may cause an uneven sound coverage 
beyond the constraints in this standard, especially when there is 
not much free space in front of the facade and it is not possible 
to lócate the speaker farther away. 

These constraints have been studied in depth by Professor 
Sánchez and colleagues, from the Universidad Politécnica de 
Madrid [6-10]. They have analyzed the influence that the geome-
try of a facade and the directivity of the source have on the incident 
sound level during a test to find the máximum size of a facade that 
meets the requirements in the standard (ISO 140-5 at that time) for 
the typical radiation pattern of commercial loudspeakers. They 
have also proposed a laboratory procedure for verification of sound 
source coverage over facades according to the International Stan
dard ISO 140-5 [11] that can also be applied for the revised ISO 
16283-3. 

In addition to the specifications that the loudspeakers must 
comply with (coverage), sound reduction determinations might 
vary depending on the sound intensity incident to each of the ele
ments of a facade, which is determined by the location of the loud
speaker and its directivity pattern. Furthermore, for the same 
measurement setup, different results can be observed depending 
on the location of the facade's elements (Fig. 1). 

The methodology defined in this research has three objectives: 
(a) to analyze the influence that the directivity of the source and 
the location of the elements can have on the facade sound insula-
tion measurement results, (b) to quantify this phenomenon and its 
contribution to the variability/consistency of the measurement 
method, and (c) to discuss some optimization options that could 
be addressed in future updates of the international standard. 

the sound intensity distribution along the external facade's face 
(Li). The second model is used to calcúlate the sound intensity dis
tribution along the internal face of the facade (L2). The difference 
between both results (Li and L2) determines the sound insulation 
of the facade for a given facade and measurement setup. This 
method was applied to different scenarios to study the influence 
of the directivity and the location of the facade elements on the 
test results. 

2.1. The outdoor noise model 

The sound intensity on every piece of facade is not uniform, as it 
depends on (a) the distance from the source, and (b) the loud
speaker's directivity (angle a). 

To predict the incident sound intensity along the facade, the 
facade was split into small parts. Then, the propagation of the 
sound outdoors was calculated using the main elements men-
tioned in ISO 9613 [12], and the model represented by Eq. (1) is 
used to predict the sound intensity at every small discrete section 
making up the facade. 

Li = Lref - 20 logr - DI (a) - 0) 
where 

L} stands for the incident sound intensity level at a given piece 
of the facade, 
Lref is a constant that depends on the strength of the source and 
does not change during the tests, 
r is the distance from the source to the specific piece of facade 
under analysis, 
DI(a) stands for the directivity Índex in the direction of the ele-
ment (angle a), and 
Aother stands for all other effects, which will remain fixed during 
this analysis (ground reflection, atmospheric attenuation...). 

This research focuses only on the effect of uneven sound cover
age, as its influence does not depend on other factors, and the con-
clusions can be generalized. Therefore, other effects that might 
affect the non-uniformity of the incident sound field in certain 
cases (i.e., ground reflections, interferences) have been rejected. 

2. Methodology 

In this study, two different models describe the acoustics during 
a sound insulation test according to the loudspeaker method. A 
loudspeaker in front of the facade emits wideband noise with an 
incident angle of 45° (Fig. 2). The first model is used to predict 

2.2. The sound insulation model 

The sound reduction Índex (R') describes the performance of the 
facade, and "it hypothetically can be measured with a diffuse inci
dent sound field in the actual field situation" [13]. This descriptor is 
the reference valué in this research, as it can be used to derive any 
other descriptors. The loudspeaker characteristics are not a limita-

Fig. 1. A non-uniform acoustic field on the facade can lead to different sound insulation measurement results for two facades with the same elements in different locations. 



Fig. 2. A non-uniform acoustic field on a facade can lead to different sound insulation measurement results for two facades with the same elements. 

tion in our "virtual tests", and it is possible to simúlate tests using a 
loudspeaker that can provide a uniform incident sound all over the 
facade. For simplicity, the effect of the coincidence frequency has 
not been considered, as it is outside the scope of this research, 
and the correction to be applied does not depend on the uneven 
sound coverage. According to this assumption, the relation in Eq. 
(2) is derived. 

R'45,=R' (2) 

According to ISO 12354-3 [13], the reference valué (R') in this 
research can be obtained using Eq. (3), as flanking transmissions 
can be neglected (uneven coverage could also have an effect on 
flanking transmissions, but flanking transmissions are not being 
focused on in this research; therefore, it is outside the scope of this 
paper). 

K' = -10*log ¿T e > i (3) 

where 
Te,i is the sound power ratio of the radiated sound power by a 
facade element i due to the direct transmission of incident 
sound on this element, relative to the incident sound power 
on the total facade. It can be obtained according to Eq. (4) for 
small technical elements, or Eq. (5) for other elements. 

S ' 
10 -0,1D„ 

;S¡ 1(ro,lR, 

(4) 

(5) 

where, 
R¡ is the sound reduction Índex in decibels of the element i, 
S¡ is the área of element i, in square meters, 
S is the total área of the facade as seen from the inside, in square 
meters, 
AQ is 10 m2, and 

stays the same for each iteration), and the variability in the results 
(each scenario) is only derived from the specific location of the 
facade elements (windows, ventilation...). For this reason, even if 
other descriptors were analyzed, or other relations between R'45= 
and R' were assumed (ISO 12354-3 suggests R'45= = R' + 1, in aver-
age), the exact same conclusions would be obtained (same vari
ability, biased results). 

When applying IS012354-3 to estímate R', only the sound 
reduction índex of the facade elements and their sizes are consid
ered. The directivity of the source and the specific location of the 
facade's elements are not considered; therefore, the obtained valué 
will be used as a reference to study the effect of these new factors. 
This research sets the focus on the non-uniform incident sound 
level; therefore, the sound intensity at every piece of facade has 
been calculated first, according to Eq. (1). Then, depending on 
whether piece i is a part of a small technical element or any other 
element, Eq. (4) or Eq. (5) is used to estímate the attenuation of 
sound. As an example, Eq. (6) shows the formula used to calcúlate 
the sound reduction Índex of the facade, in the case of a window. In 
the case of a uniform incident sound distribution along the wall, 
Eqs. (6) and (3) would give the same results (this is also true if 
all the facade elements have the same sound reduction indexes). 

Ktf = 10 • log ¿ 1 0 0 1 t » - 10 • log g i o 0 - 1 ^ - * ) i e [1 

(6) 

The variable R¡ is the sound reduction Índex of the window, and 
n is the number of equivalently sized pieces into which the facade 
was split. 

Of course, this calculation must be applied to every frequency 
band being analyzed, but for clarity of the explanations, only one 
of them (any of them) is presented. Fig. 3 shows the distribution 
of the sound intensity in a given third octave band (200 Hz) along 
the facade, while Fig. 4 shows the transmitted sound. 

Dne,i is the element of the normalized sound level difference in 
decibels of the small element i. 

It has been considered that the reverberation time, or the 
absorption of the room does not change when the facade elements 
move from one location to another. Moreover, each scenario main-
tains the source location and its directivity as a constant. Conse-
quently, the sound level outdoors does not change for different 
iterations (the sound pressure level at any given location outdoors 

3. Results 

The described methodology has been applied to different sce-
narios to calcúlate the difference between the reference sound 
reduction Índex (R') and the test-based calculated sound reduction 
índex (R'45) in order to analyze two different factors: the loud
speaker directivity and the location of the weakest element. 
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Fig. 3. Incident sound intensity along the facade (4 x 3 m2 of double wall; 2 x 1 m2 window in the center of the facade; first floor; 3.5 m height; commercial loudspeaker on 
the ground, distance to the facade is 5 m). 

Transmitted sound intensity (L2) - 1 /3 octave band: 200 Hz (dB) 
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Fig. 4. Transmitted sound intensity along the facade (4 x 3 m2 of double wall; 2 x 1 m2 window in the center of the facade; first floor; 3.5 m height; commercial loudspeaker 
on the ground, distance to the facade is 5 m). 

3.1. The effect of the facade elements' locations 

This section analyzes how the measured sound reduction Índex 
changes, depending on the position of the weakest facade element. 
The analyses have been performed under some common 
conditions: 

A 4 x 3 m2 double wall facade, which is the size that Sánchez 
et al. used in [6]. 
Just one element (a window in Scenario 1 and an air inlet in Sce-
nario 2) in the facade was selected as a higher influence was 
expected for the ratio between the strongest and weakest ele
ments in the facade. 



- The facade is on the first floor, 3.5 m over the ground. This setup 
was selected to minimize the distance-effect on the variation of 
the incident sound [6]. 

- A loudspeaker on the ground was used with a distance of 5.0 m 
from the facade and 7.0 m from the facade center for a 45° inci
dent sound pointing to the facade center. The methodology can 
be applied to any other setup, but this location was selected to 
fulfill the mínimum requirements in the international standard. 

- Only results in the 125 and 5000 Hz frequency bands are pre-
sented, as these are representative of the low and high fre
quency ranges. 

The sound source was selected to strictly meet the criterion that 
the difference between the lowest and the highest incident sound 
level in the facade is 5 dB, which is the most unfavorable case that 
meets the ISO 16283-3 requirements. For simplicity, a pistón 
mounted in an infinite baffle has been used with its size adjusted 
(radius = 0.06 m) for its main directivity lobe to meet this criterion 
in the 5 kHz third-octave frequency band (Fig. 5). This incident 
sound field remains constant in scenarios 1 and 2. 

Table 1 shows the sound reduction Índex of the facade ele-
ments; these valúes have been taken from the annexes in ISO 
12354-3 in octave bands, and have been assumed for the third 
octave band calculations, but any other valúes could have been 
chosen. 

3.1.1. Scenario 1. Moveable window with a 6-mm pane 
In this scenario, the double wall facade has only one element, 

which is a 1 m x 1 m window with a 6-mm pane. The sound insu-
lation results have been simulated for all locations of the window 
along the wall (keeping a 0.1-m margin at the edges), using 0.2-m 
intervals (Fig. 6). 

Depending on the window's location, the calculated sound insu-
lation will be different, and variability arises. Fig. 7 maps the 
results for the 125 and 5000 Hz third octave bands for every loca

tion of the window. In the low frequency range, the directivity of 
the loudspeaker is quite low; therefore, the source-receiver dis
tance is the main factor responsible for the non-uniformity of the 
incident sound. The sound intensity does not change much along 
the wall, and there is little influence from the window location. 
When the window is located on the top part of the facade, the 
sound reduction Índex is overestimated, while when the window 
is on the bottom part, the results are underestimated. The results 
vary in an approximate ±0.5-dB interval, depending on the location 
of the window. The mean valué of this series of results is not 
biased, and its variability is very small (mean125 = 0.00 dB, 
std125 = 0.13 dB). The situation in the high frequency range is sig-
nificantly different as the non-uniformity is mainly caused by the 
directivity of the source. When the window is placed in the lower 
central part of the facade or the window is closer to the top corners 
of the facade, the insulation can be underestimated by more than 
1.5 dB. When the window is placed in the center of the facade, 
the insulation is also underestimated by up to 1 dB; as in this case, 
the influence of the window's location is not negligible for both the 
vertical and horizontal axes (mean50oo = -0.50 dB, 
stdsooo = 0.64 dB). 

Of course, the size of the window will affect the sound insula
tion of the whole facade, but beyond the área of the element, this 
research aimed to analyze the interaction between the non-
uniform sound intensity, the size, shape and location of the win
dow, and the effect on the field sound reduction Índex. The previ-
ous experiment has been repeated for different window sizes (from 
0.2 x 0.2 to 2 x 2). Fig. 8 shows the results in a scatter plot, where 
each window size that was tested has 4 results (mean125, mean50oo. 
std125 and std500o)-

In the low frequency range, the location of the window pro
duces a small variability in the method and a negligible bias. The 
standard deviation (std125) is approximately 0.5 dB for an approx
imate 1 m2 window size, and it is smaller when the window is 
bigger. 

Incident sound intensity - 1 /3 octave band: 5000 Hz (dB) 

Fig. 5. Transmitted sound intensity along the facade (4 x 3 m2 of double wall; 2 x 1 m2 window in the center of the facade; first floor; 3.5 m height; 0.06 m pistón on the 
ground, distance to the facade is 5 m). 



Table 1 
Sound reduction Índex of the facade elements. 

Element Sound reduction Índex (dB) 

125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 

Double wall, 400 kg/m2 (both scenarios) 
Window, 6mm (Scenario 1) 
Air inlet (Scenario 2) 

41 
24 
0 

46 
27 
0 

52 
30 
0 

58 
33 
0 

64 
30 
0 

70 
35 
0 

Final location 

• O.lOm 

» 0,10m 

Sound source location 

Fig. 6. Scenario 1 setup (4 x 3 m2 of double wall; 1 x 1 m2 window, placed along the facade in 0.1-m steps). 

When the directivity of the loudspeaker is larger (high fre-
quency), a negative bias appears, which is related to when the win-
dow's location is closer to the loudspeaker axis. The variability of 
the observations (std500o) is much higher in the high frequency 
range, but it decreases as the window size increases. 

It has been also observed that the shape of the window affects 
the results when the directivity is high (Fig. 9). For a fixed window 
área (1 m2 in Fig. 9), the bias increases with the horizontal dimen
sión of the element, while the standard deviation increases with 
the vertical dimensión. However, in both cases, the effect is very 
limited. 

3.1.2. Scenario 2. Moveable air inlet 
In this scenario, the facade does not have a window but instead 

has a 0.2 x 0.2 m2 air inlet. The element on the wall is significantly 
smaller than in scenario 1, but its sound insulation is smaller. Con-
sequentially, both the low and high frequency bands show a higher 
sensitivity to the element's location. While in scenario 1, the 

results ranged around approximately 2.5 dB (5000 Hz band), 
depending on the window location, in scenario 2, the range 
increases up to 4.0 dB (Fig. 10). Consequently, the variability of 
the method is higher than that in scenario 1: 

mean125 = 0.04 dB; mean50oo = -0.07 dB; std125 = 0.65 dB; 
std5ooo = 1.01dB 

Fig. 11 shows the results as a function of the air inlet size. When 
Fig. 8 (window) and 11 (air inlet) are compared, the following con-
clusions can be drawn: 

- The bias mainly depends on the frequency range (this is related to 
directivity) and the size of the element, but it does not change 
significantly when the window and the air inlet are interchanged. 

- The variability in the 5000 Hz band does not change signifi
cantly when the window is replaced by an air inlet of the same 
size, meaning that in both cases, the sound reduction Índex of 
the element is significantly lower than the wall's valué. 
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Fig. 7. Sound reduction Índex increments as a function of the window's location (x and y mean the position of the lower-left córner of the window). 

Bias and variabil i ty as a function of área of the weakest element 
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Fig. 8. Bias and variability of sound reduction Índex determinations as a function of the área of the window. 

4,5 

their sound reduction indexes (AR' = RWaii-Reiement) are factors that 
affect the variability and bias of the measurement method. Eq. (7) 
describes this sensibility as a function of AR': 

- When the directivity is low (125 Hz band) and the size of the 
element is not low (up to approximately 1-1.5 m2), the variabil
ity is significantly affected by the sound insulation of the weak
est element. Measurements are much more sensitive to the 
element location when the insulation is small. 

3.1.3. Weakest element ratio 
As observed in the previous section, the ratio between the áreas When this coefficient is applied (analytic method) to the bias and 

of the wall and the element (Swan/Seiement) and the ratio between variability calculated in Scenarios 1 and 2, Fig. 12 is obtained, which 

c¡C 1 

d-R' 
•* element 

l(Tra 
(7) 
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Fig. 9. Bias and variability of sound reduction Índex determinations with a 1 m2 área and different window shapes in a 4 x 3 m2 área wall (5000 Hz). 
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Fig. 10. Sound reduction Índex increments as a function of the air inlet location (x and y mean the position of the lower-left córner of the air inlet). 

is coincident to that obtained by applying the numeric method in pre-
vious sections. Then, Fig. 12 shows how AR' affects the method's bias 
and variability in the facades that are shown in Scenarios 1 and 2: 

- The larger AR' and the bigger the área of the element (compared 
to área of the wall), the bigger the measurement method's bias 
(negative) is. 

The smaller the área of the element, the more important AR' 
becomes; the variability grows until AR'>40dB (approxi-
mately). Although this is also true for the bias, it remains negli-
gible in the case of small elements (bias = -0.07 dB). 
In the case of a bigger element (like the window in Scenario 1), a 
AR' valué over 20 dB makes the bias and variability reach their 
máximums. 



Bias and variabil i ty as a function of área of the weakest element 
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Fig. 11. Bias and variability of sound reduction Índex determinations as a function of the área of the air inlet. 

4. Discussion 

In view of the objectives of this research, it was decided to not 
investígate the influence of interferences or the angle of incidence 
of sound. These phenomena have been addressed in previous 
research [14-19], where it has been proven that they have an influ
ence on the test results. However, even if the influence of those 
phenomena did not exist (or could be minimized), the factors that 
are derived from the directivity of the source and the location of 
the facade elements would modify the test results. 

In this research, the sound reduction Índex of the facade (R'45=) 
has been analyzed, and it has been observed that the sound insula-
tion of each small part of the facade is weighted according to the 

combined effect of the distance and the directivity pattern of the 
loudspeaker. In real tests, the facade's sound insulation is usually 
described in terms of standardized level differences (D2m,nT)- For 
each study case, the incident sound intensity and the transmitted 
intensity remain as described in the previous sections. Conse-
quently, the loudspeaker directivity will determine the outdoor 
sound level (Li), which might add an additional contribution to 
the uncertainty as the directivity changes from loudspeaker to 
loudspeaker. However, if the loudspeaker does not change among 
observations, Li will stay the same, and the conclusión in R'45 

can be directly applied to D2m,nT (loudspeaker orientation errors 
are also outside the scope of this study). How can the variability 
of the method be reduced? If there is a possibility of locating the 
speaker at a greater distance from the front of the facade, the vari-
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Fig. 12. Bias and variability of sound reduction Índex determinations as a function of the área of the air. 



ability will be lower (both the distance and directivity variabilities 
become smaller). Are there any other options? 

If a different location was selected to determine Li, the concus-
sions would not change as long as that new position remains fixed 
during the analysis. A different definition for the descriptor would 
be obtained, but that definition would not change over the course 
of the analysis; therefore, the variability would remain unchanged. 

No further benefits would be obtained if additional positions 
were used to spatially average Li. In fact, if the practitioner could 
freely select these new positions, there would be a new contribu-
tion to uncertainty that derived from the position selection. 

In an initial attempt to optimize the method so that its variabil
ity decreases, the following options have been tested: 

- Option 1. The outdoors microphone is placed in front of the 
weakest element, instead of in front of the center of the facade. 
The loudspeaker is placed following the international standard 
constraints, and it points toward the facade center. 

- Option 2. The outdoors microphone is placed in front of the 
weakest element. The loudspeaker is placed following the con
straints in the international standard, but it points toward the 
weakest element, instead of toward the facade's center. 

- Option 3. The outdoors microphone is placed in front of the 
weakest element. The facade's center is no longer a reference 
for the location of the speaker. The weakest element center is 
the new reference point, which will determine the location of 
the loudspeaker (distance, angle...). 

Options 1 and 2 have some advantages, as they can address the 
problems derived from directivity, but they also have serious draw-
backs as they cannot correct the effect derived from the facade to 
loudspeaker distance. A better performance can be achieved with 
Option 3. Option 3 seems to achieve good results in Scenarios 1 
and 2 (smaller variability), while in this option, the incident sound 
in the weakest element remains the same no matter its location 
along the facade. The uneven coverage is a minor issue, as it is pos-
sible to focus the máximum sound intensity on the weakest element. 
A new drawback arises in this new measurement method, again 
deriving from the directivity of the loudspeaker: the sound intensity 
ratio between the weakest element and a 2-m measurement point in 
front of it will not be the same for different loudspeakers and it will 
be a function of the frequency band. Therefore, a correction will be 
required. In fact, this option (and the other two) implies a new mea
surement method; therefore, there will be some bias that must be 
studied in depth, as it will imply corrections that are to be applied 
to Li determinations or new constraints to loudspeakers. 

When this new method is applied (option 3), the variability in 
scenario 1 is: 

mean125 = 1.69dB; mean5000 = -0.58 dB; std125 = 0.09 dB; 

stdsooo = 0.00 dB 

While in scenario 2: 

m e a n ^ = 1.67 dB; mean50oo = -0.67 dB; stdi25 = 0.01 dB; 
stdsooo = 0.00 dB 

When a loudspeaker with higher directivity (double radius) is 
used, the variability remains approximately the same, but the bias 
in the high frequency bands becomes very high. This is a bias that 
can be easily corrected with prior knowledge of the directivity of 
the source. 

5. Conclusions 

This paper focuses on the description of the effect that the non-
uniform incident sound produces in facade sound insulation tests, 

depending on the location of the weakest element of the facade. 
The main concussions are as follows: 

1. This is a phenomenon that, on its own, can have a relevant 
effect on facade insulation determinations. For instance, 
depending on the location of the air inlet in scenario 2, the 
results can differ by up to 4 dB. In Scenario 1 with a 
1 m x 1 m window, the differences are smaller but are still high 
(up to 2 dB). The uncertainty in these tests is often higher, but 
there is an additional contribution that cannot be neglected. 

2. In the low frequency range, the loudspeaker will be very omni-
directional, and the non-uniformity sound incidence is caused 
by the distance from the source to the receiver. Whereas in 
the high frequency range, the directivity effect will usually be 
higher than the distance effect. In this research, both cases have 
been treated separately, but future research must determine 
the combined influences in the valuation of the overall sound 
insulation ratings. 

3. In the case where the facade consists of just one homogeneous 
element, the effect of a non-uniform incident sound field will be 
negligible. However, the weaker the weak element is, the higher 
the influence of the element location. In this context, weaker 
means higher sound transmission (lower insulation and/or big-
ger área). The bigger the difference between the sound insula
tion of the elements and the smaller the weakest element 
size, the more important is the location of this weakest element 
along the facade. 

4. Not only the área of the element but also its horizontal and ver
tical dimensions will affect the results. 

5. When the procedures in the international standards are applied, 
the measurement setup does not depend on the location of the 
facade element; consequently, the incident sound will not be 
dependent on the element location. However, the transmitted 
sound (L2) will. Therefore, the variability of the sound insulation 
estimations is only derived from the variability of the transmit
ted sound (L2), which mainly depends on the weakest element 
location for a given incident sound. It does not matter if Li is 
measured in several locations or in a different position since 
it does not depend on the element's location. 

6. In addition to other factors (interference, angle of incidence...) 
and even if the coverage criterion in the standard is met, the 
non-uniform coverage will have an influence on the test results, 
which depends on the weakest element's location. This is an 
uncertainty contribution, which is added to others and should 
be minimized. 

7. A new method to optimize the repeatability of the test results 
has been proposed, where the measurement setup is selected 
depending on the location of the weakest element, trying to 
keep constant the incident sound on that element. Although it 
still has to be tested in depth (simulations) and validated in 
the field (real measurements), the primary results are very 
promising. Future research on this proposal should pay atten-
tion to the influence that the lack of precisión during the orien-
tation of the loudspeaker could have on the results. Further 
constraints should be implemented as in certain scenarios, it 
might be difficult for the practitioner to determine which is 
the weakest element prior to testing. In those cases, the vari
ability problem would remain similar to that in the standard-
ized method. 
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