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Abstract: This paper reports the acoustic issues of open plan office environments. According
to a detailed research based on the scientific literature of the most suitable acoustic descriptors
recommended for the open plan offices analysis, the main typological-functional configurations of
these environments have been analyzed in order to identify six spatial typologies. The variation
of acoustic parameters of these typologies has been evaluated by using a sound pyramid tracing
software. The analysis procedure was calibrated in a case study of an office environment, where a
measurement campaign was carried out. Results point out that the acoustic improvement of open
plan offices can usually be achieved by introducing a sound absorbing false ceiling and dividing
panels between working positions, but there are different issues depending on spatial geometries of
the office. Better results are referred to office typologies characterized by reduced height and equal
plan dimensions.
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1. Introduction

Since the 1960’s researchers have been addressing the acoustic problem in open-plan offices [1].
Over this period, there have been substantial changes in the nature of the sounds of office equipment;
for example, the most notable change from typewriters to computers on every desk. In 1966m,
Keighley [2] found that in the UK, office noise levels varied from 60 to 79 dB(A).

In the last decades, the world of work has changed by improving the collaborative importance
and mutual exchange of knowledge to be able to generate new ideas and foster innovation.

Recent experiences have highlighted the following trends:

e  Significant increase of non-productive spaces, such as collaborative work spaces where workers
can interact with each other in an informal way;

e Growing number of workers who use the office in a non-continuative way (teleworkers,
home workers, etc.);

e  Decrease in the number of individual workstations in favor of open plan spaces;

e  Reduction of archive spaces by software data storage, up to their absence; and,

e  Spatial flexibility to respond to different future economic and management needs.

These trends have led to the defining of the workplace as a container of activities, some of
these productive, others connected to the elaboration of immaterial products, and some others became
mixed areas. The answer to these needs was the diffusion of the open plan type office model, but today’s
workplaces need to be healthy environments that minimize the risks of illnesses to occupants to
compete in the marketplace. In open plan offices, silence and concentration conditions should be
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guaranteed, because on the one hand, there is the advantage to see each other and work together,
on the other, staying in a noisy environment can generate problems of concentration and general
annoyance, with the consequent reduction of working productivity.

Today many people work in open plan offices where the most annoying element is irrelevant
speech [3-6] that is the perception of the speech distracting for the single worker compared to activity
that he is carrying out, especially based on their own semantic content.

In particular, from the results of a study that involved more than 40,000 workers in 300 U.S. office
buildings [3], the authors came to the conclusion that enclosed private offices clearly outperformed
open-plan layouts in most aspects of Indoor Environmental Quality, particularly in acoustics, privacy,
and in proxemics issues. Benefits of enhanced ‘ease of interaction” were smaller than the penalties of
increased noise level and decreased privacy resulting from open-plan office configurations.

The technical literature [7-11] is consistent in affirming that open plan offices offer worse
environmental conditions than traditional offices due to the lack of individual space, the lack of
acoustics, and privacy requirements, in addition to the poor air and light quality and the high possibility
of distraction for workers.

In open plan offices, furthermore, the control of air quality is very difficult because it is necessary
to prevent the dispersion and depository of expiratory droplets that are generated locally [12].
For these reasons, the study on the type of ventilation is fundamental; some researches have
investigated the impact of ventilation strategies on particle deposition in a ventilated room [13,14].
Other researches show that the air curtain system is efficient in removing and preventing dispersion of
the expiratory droplets [15].

Therefore, the relationship between the physical and environmental qualities and satisfaction is
very important because the workers spend a large amount of their time in indoor environments that
affect health, productivity, and comfort.

The European Standard EN 15,251 [16] addresses this problem with a holistic view because the
energy consumption of buildings depends significantly on the criteria used for the indoor environment
(temperature, ventilation, and lighting) and building (including equipment) design and operation.
The Annex E of the standard describes the criteria for noise and shows the correlation between thermal
comfort, energy performance, and noise. When the occupants open the windows in naturally ventilated
buildings to obtain adequate ventilation, the equivalent sound pressure level shall be used to evaluate
noise, including the periods when the windows are open and the room is exposed to outdoor noise.

In urban areas, the environmental noise is frequently very high [17,18] and so the windows are
shut with the consequence of poor air quality.

In the case of Heating, Ventilation and Air Conditioning systems (HVAC), providing the
required amount of air would result in unacceptable noise levels from fans and often with
high-energy requirements.

As can be seen in Figure 1, experimental researches [19] show that within an office a worker can
have a reduction of concentration up to 50% with very high consequences from the point of view of
production. Moreover, the subjective sensitivity of the workers is important for the changing of the
acoustic and environmental conditions [13].

m1 Noise
m2 Inadequate lighting

@3 Inadequate microclimate

m4 Residual concentration

Figure 1. Influence of environmental requirements on concentration. Figure re-edited from [19].

Up to 35% of the decrease in concentration is due to the presence of noise (Figure 1).
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Moreover, people need a time variable from 15 to 20 min to achieve the concentration necessary
to carry out intellectual activity (Figure 2).
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Figure 2. Time incidence of the distraction factors on worker’s concentration. Figure re-edited from [19].

Phone ringing or people’s speech are the most common factors of distraction in an office
and determines a sudden decrease in concentration that distracts the worker in their own activity.
This situation remains until the distractive phenomenon stops; after that, it can need other 15-20 min
to obtain an optimal concentration level.

On the basis of these data and considering the innumerable annoyance events in an open plan
office, it is clear that working quality is compromised and with it, business productivity as well.

Indoor acoustic quality of open plan offices is the object of the standards EN 15251 [16], EN ISO
3382-3 [20,21], ISO 14257 [22], and ISO/DIS 19488 [23].

According to EN ISO 3382-3, there are four acoustic quality class of open plan offices, from A,
the best, to D, the worst, on the basis of the values of three acoustic parameters that are described later.

The standard EN 15251, furthermore, gives criteria of design A-weighted Sound Pressure Level for
landscaped office with a typical range from 35 to 45 dBA and default design value of 40 dBA, similar to
Class A of EN ISO 3382. It is interesting to note that the standard EN 15251 suggests that if adequate
ventilation depends on the opening of the windows, in order to avoid exceeding the recommended
sound levels in a work place, in the presence of noise coming from outdoors, it is necessary to reduce
the noise from adjacent rooms or nearby workstations.

In Tables 1 and 2, a part of Annex A of EN ISO 3382 and Annex E of EN 15251 is reported.

Table 1. Acoustic classification of open plan offices according to EN ISO 3382-3.

Class DLZ,S LP,A,S,4m Ip
A >11dB <46 dB <5m
B >9dB <49 dB <8m
C >7dB <52 dB <1lm
D <7 dB >52 dB >11m

Table 2. Acoustic classification of open plan offices according indoor system noise criteria by EN

15251.EN 15251.
Sound Pressure Level dBA
Building Type of Space
Typical Range Default Design Value
Small offices 30 to 40 35
Offi Conference rooms 30 to 40 35
1ces Landscaped offices 35 to 45 40

Office cubicles 35 to 45 40
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Navai and Veitch [1] conducted a comprehensive literature review on acoustical satisfaction in
open plan offices and found that occupants reported decreased acoustical satisfaction when ambient
levels exceeded 45 dBA.

The scientific literature [24-29] refers, for the evaluation of the acoustical quality of open plan
offices, to the following parameters:

e Reverberation time, RT,

e  Spatial decay, Dy,

e A-weighted sound pressure level at 4 m distance from the sound source, L A 5 4m,
e Distraction distance, rp,

e  Speech transmission index, STL

P. Virjonen et al. [25] have studied and analysed the acoustic quality of 16 offices and have shown
that it is essential that the designer have a general view of these acoustic parameters that are the
basis for a possible improvement intervention. In the following, these parameters are described and
references to their limit values are given.

Acoustic performance of the interior environment is usually characterised by the
Reverberation Time RT (s) that is still the most used parameter for the preliminary study of room
acoustic. However, scientific literature [25,26] shows that reverberation time isn’t always adequate to
study the acoustic properties of open plan offices.

The rate of spatial decay of sound pressure level to distance doubling D) s can be preferred to
reverberation time because it considers the spatial attenuation of sound. Dy g depends on the chosen
evaluation interval; in many offices a suitable interval appears to be from 3 to 16 m. D; g is given by
the regression line of SPL over this region. If D, g will increase after acoustic treatment, this imply that
the speech level will decrease faster as a function of distance.

The sound attenuation in the first 4 m from the source, Ly, 4 s 4m, is a useful parameter because 4 m is
the typical distance between two different workstations. Just like large values of D; g are desirable to
have a good acoustic condition in the environment, small values of L A s 4m indicate that the speech is
attenuated efficiently when the distance source-receiver is 4 m.

Another important parameter for the study of the acoustic quality of open plan offices is the
Speech Transmission Index (STI). Speech intelligibility means the percent of word or phrases correctly
understood by one receiver compared to those pronounced by the talker and depends on the
relationship between the noise level caused by the conversation and the background noise level.
It varies from 0 to 1, where 1 means 100% of intelligibility of the conversation and 0 total unintelligibility.
Table 3 shows reference values of STI according to the standard IEC 60268-16:2011.

Table 3. STI reference values according to IEC 60268-16:2011.

Intelligibility =~ Null Negative Inadequate  Acceptable Good Excellent
STI 0 <0.3 0.3-0.45 0.45-0.60  0.60-0.75 >0.75

In the short distance, the STI allows to evaluate the speech intelligibility between two colleagues
who interact in the workplace and sit opposite to each other. Since the more annoying noise in an
office is the private conversation of workers and the greater discomfort is caused by the lack of privacy,
to transform in incomprehensible the irrelevant speech, it is needed to reduce the intelligible index at
larger distances but maintaining it great in the part of office where users interact.

Appropriated values of STI index useful to guarantee an adequate privacy of the conversation
between next workstations are those below 0.2.

Kostallari et al. [30] highlighted the correlation among STI and DP (Decrease in Performance) and
demonstrated that changing STI from 0.2 to 1 gives an increase of DP (%) considerably, but when STI
values are comprised from 0.7 to 1 the DP values remain constant.
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The study by R. Romano et al. [31] shows, in the case of a workstation with dimensions 3 x 3 m,
the combinations of height of the partitions and sound-absorbing coefficient of the false ceiling that can
make an acceptable confidentiality of the conversation with STI values less or equal to 0.2: these values
are possible with sound absorbing coefficient greater of 0.9 and height partition greater of 1.55 m.

The distraction distance rp is defined as the distance where STI value gets off below 0.5 and
is determined through linear interpolation among the point above and below STI equal to 0.5.
Small values of rp mean high privacy and a low speech intelligibility. In the same way, where
the STI value gets off below 0.2 we can define the privacy distance rp.

The study by Sarwono et al. [32] by computer simulation of several open-plan offices have showed
the influence of workstation layout and height partition on STI, distraction distance rp, and spatial
decay Dy, similar to what is done in the present study.

In open plan offices, the background noise can have a masking role and decrease the speech
intelligibility contributing to increase privacy during private speeches. However, its value cannot be
too high, otherwise it could cause itself a disturbing factor.

Typical values of the background noise change from 30 to 60 dB(A) in an open plan office [19,25,27];
indeed, the sound pressure level can change strongly on the base of office’s dimension, height, typology
of the furniture and the distribution of the workstations as well as the kind of air conditioning system
and the environment acoustic climate of the zone where the office is located.

Working in a noisy environment can produce concentration problems and annoyance, but in the
most serious cases, stress and symptoms of fatigue as well. The renovation of these environments can
be faced by little recurring modifications such as the correct choice of furniture components and false
ceiling, the optimization of aggregation criteria, and orientation of workstations.

In general terms, the control of the acoustic comfort in working environment concerns the
following factors that determine the acoustic climate of the space: The sound source typologies,
the workstation distribution on the space, the presence of high partitions or screen between the
workstations, the constructive typology of the building (especially about sound-isolation and
sound-absorbing requests), the characterization of the background noise determined by continuous
(noise of computer operation, HVAC systems, mounting background noise, etc.), and discontinuous
sound sources (mobile phone ring, play of copier, etc.), and finally the windows opening time in areas
with high external noise if adequate ventilation depends on the opening of the windows.

Furthermore, disproportionate spaces such as open plan offices, with height lesser than the other
plan dimensions, are characterized by an un-diffused sound field. In fact, in these environments,
the spatial decays are very different from each other in the various directions.

One first solution to the problem consists in inserting systems that increase the sound-absorption
reducing the effect of reflections and so the overall sound level. It is generally recommendable to act
first on the false ceiling and on the taller part of the walls, then with fixed or mobile systems to divide
the space or with vertical (baffles) or horizontal elements suspended to the ceiling. In very large and
high open space offices, a widely used technique is to create acoustic islands by portions of ceilings
suspended on workstations.

To reduce perceived distraction, another solution consists in increasing the number of quiet
rooms: Haapakangas et al. [33] have shown that an open-plan office with more quiet rooms yields
better results in terms of perceived distractions, environmental satisfaction, collaboration, and stress
symptoms than an office with less quiet rooms.

The selection of the materials and systems to insert in a space to improve acoustic quality must
consider the frequency sound absorbing coefficient o of the materials. An optimal solution consists in
vibration panels or resonators, which also works very well at low frequencies, with porous materials
in the cavity that, instead, works better to in a medium-high frequency. Many kinds of materials can
be suitable for this purpose, also considering the case of sustainable materials [34].

Regarding performances of the partition panels, in addition to the sound-absorbing coefficient,
they must also guarantee the sound-insulation respect to direct transmission.
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V. Hongisto et al. [24] carried out a study on an open space office with 135 employees that has
been the object of refurbishment to improve thermal and ergonomic conditions, privacy (hearing and
visual), and spatial density. The purpose of the research group was to demonstrate, with measurements
before and after the renovation, the presence of a close relationship between environment quality and
satisfaction for the workers. The renovation of the working environment has been made to reduce the
occupation density, increase the sound-absorbing surfaces already present, and change the partitions
with other higher. These environmental changes improved the satisfaction and working productivity.

The introduction, in an open plan office of high partitions, is usually the better intervention,
especially if the office has a sound-absorbing false-ceiling.

On the basis of scientific literature studies [11,19,24,28], the minimum values to guarantee a good
performance of the division panels are the following:

e Heigh: h > 1.80 m;

e Lenght:1>120m;

e Thickness: s < 0.30 m;

e  Sound-absorbing coefficient: o, > 0.8.

Another technique used to reduce the general annoyance in open plan offices and decrease privacy
problem is sound masking, which is widespread, especially in the USA since the 1960’s and today
also diffuse in North Europe [35]. Anyway, sound masking can have disturbing characteristics for the
employees, so the research of optimal spectra is open again.

The acoustic effect of the above described techniques can be very different when dimensions
and proportion of the open space office are varied. For example, the effect of a dividing panel can be
irrelevant when the office is very reverberant or very high.

In the literature, there is a lack of systematic approaches to the effect of office dimensions and
proportions on the variation of the main acoustic parameters described above. For this reason, the aim
of this paper is to analyze this effect with reference to different kinds of open plan offices, which are
representative of the most widespread kinds of offices.

2. Methods and Instruments

In this study, a room acoustic analysis of six spatial typologies of open plan offices has been
carried out by means of a ray tracing software, also considering the effect of different kinds of acoustic
treatment. The results have been analyzed with reference to the acoustic parameters described in the
previous section.

In open plan offices, acoustics are influenced, largely, by the environment dimensions, both in
plan and in elevation, so the following six typical spatial typologies, representative of the most spread
kinds of open plan offices, have been analyzed:

A.  office with squared plan (256 m?) and height of 3 m;

B.  office with squared plan (256 m?) and height of 6 m;

C.  office with lengthened plan (720 m?) and height of 4 m;
D.  office with lengthened plan (720 m?) and height of 6 m;
E office with irregular plan (216 m?) and height of 3 m; and
E office with irregular plan (216 m?) and height of 6 m.

The offices type C and D represent many cases where old industrial buildings have been
renovated and converted into tertiary work-spaces. The typologies with the irregular plan represent,
still in a schematic way, a morphology with less rigid spaces within the most modern buildings of
contemporary architecture.

Each of the six types, described above, have been studied in the four different configurations
described in Table 4. The sound absorption coefficients used for each material are shown in Table 5.



Buildings 2018, 8, 161 7 of 17

Table 4. The configurations analyzed for each of the six office typologies.

Floor Plaster Windows Tables Chairs Doors False Ceiling High Partition  Screen

1 X X X X X X
2 X X X X X X X
3 X X X X X X X X
4 X X X X X X X X X
Table 5. Sound absorption coefficient of the materials used for the simulations.
Sound Absorbing Coefficient
Materials 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz
Floor 0.022 0.032 0.032 0.032 0.043 0.054
Plaster 0.065 0.065 0.065 0.076 0.098 0.154
Window 0.395 0.279 0.199 0.131 0.076 0.043
Tables 0.120 0.120 0.131 0.131 0.109 0.109
Chairs 0.221 0.279 0.325 0.348 0.325 0.279
Door 0.120 0.131 0.131 0.131 0.109 0.109
Sound-absorbing false ceiling 0.240 0.70 0.970 0.900 0.950 0.850
High partition 0.763 0.866 0.892 0.958 0.958 1.00
Screen 0.510 0.700 0.800 0.770 0.600 0.500

The acoustic simulations have been carried out by means of the pyramid tracing predictive
software Ramsete® in the presence of furniture, but in the absence of people. This Pyramid Tracing
algorithm is capable of solving the sound propagation problems following the geometrical acoustics
assumptions. It takes into account specular reflections over sound absorbing surfaces, the diffraction
effect over free edges of screens, and sound insulation of partitions, holes, windows, and doors.
The diffraction effect is computed with the Keller/Maekawa formula [36]. This method produces an
important approximation of the wave propagation over an obstacle. Anyway, the software outputs
have been widely validated in literature with reference to large rooms [36], as well as to common
indoor environments [37].

In this study, the software outputs have been analyzed with reference to a case study of an
office (Figure 3) where measurements of some of the previously descripted acoustical parameters
were carried out [38]. The office analyzed in this part of the study is a typical office characterized
by hard surfaces and typical furniture, with 11 workstations and the following main dimensions:
8.1 m (width) x 17.35 m (length) x 3 m (height).

For the measurements the following instrumentation was used (Figure 3):

e (1 dB sound source dodecahedron;

e 01 dB sound amplifier;

e  double channel sound analyzer 01 dB Symphonie, with real time analysis in 1/3 octave frequency
bands; and

e two diffuse field %2 Grass microphones with preamplifiers.

Measurements of the Reverberation Time were carried out over 12 points randomly distributed
over the entire volume of the office.

Figures 4 and 5 show the comparison between calculated and measured values of the
Reverberation Time (as space averaged values) and of the spatial decay over the longitudinal dimension
of the office.

Figure 4 also shows the error bars of the Reverberation Time measurements, which indicate plus
and minus the value of the standard deviation of the measurement over the 12 points. It can be noted
that the uncertainty of the results is greater at lower frequencies, as already shown in the previous
studies of the author [38]. This is due to the lack of uniformity of the sound field at low frequency.
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At mid frequency (500 Hz), the standard deviation is 0.07 s, which is about 10% of the average value of
the reverberation time.

The comparisons between measured and simulated values shown in Figures 4 and 5 point out a
good agreement with reference to the examined parameters.

Simulations were carried out by analyzing the following configurations for each of the six spatial
typologies (Table 4 and Figure 6):

1.  no surfaces with sound-absorbing materials;

2. insertion of the false ceiling in gypsum plaster with «,, = 0.7;

3. equal to (2) but with addition of 2 m high sound-absorbing partitions between workstations
characterized by o = 0.85 and Ry, = 34 dB; and

4.  equal to (3) but with addition of low divisors on the table surface, placed between two opposite
working people with o, = 0.8.

Figure 3. Measurement instrumentation in the case study office.

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Reverberation Time (s)

125 250 500 1000 2000 4000
Frequency (hz)

Omeasurement M simulation

Figure 4. Comparison between simulated and measured values of the Reverberation Time (RT) in the
case study. The error bars indicate plus and minus the standard deviation of the measurements.
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Figure 5. Comparison between simulated and measured values of the Sound Pressure Level (SPL) over
the longitudinal dimension of the case study.
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Figure 6. The examined office configurations.
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Globally, 24 series of simulations were carried out (6 spatial configurations for 4 internal
material typologies).

The sound source used for the acoustic simulations had the human voice spectrum and directivity,
according to the standard ISO 9921 [39]. The receivers have been positioned, such as the sound source,
at 1.20 m from the ground, located on a straight line and distance of 1 m from themselves.

The following parameters, previously described, were calculated:

e the spatial decay Dy s, to the short distance, in order to evaluate the performance within the same
working area, and to a greater distance, from 4 to 8 m;

e the A-weighted Sound Pressure Level L, A 5om at 2 m and L A s 4m at 4 m distance from the
sound source;

e the Reverberation Time RT,; and

e  the Speech Transmission Index (STI) and the distraction distance rp.
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We obtained the distraction distance rp by the Speech Transmission Index (STI), taking a medium
background noise as input, referring to the values highlighted by researchers [40] and on the basis of the
background noise level measured in a typical working morning in the case study office (Figure 7) [40].

|
| |I! B
I }
50 [ ‘

Figure 7. Environmental noise measured in the case study office (Figure 3) in the time slot 9:30-15:00
(Laeq =57 dB(A)) [40].

The second step of this study involved the insertion of a large number of receivers (every 20 cm)
within a small part of the virtual model analyzed, in order to better describe the sound propagation in
the various configurations.

3. Results and Discussion

Simulation results show a similar behavior of the six office types when varying the acoustical
properties of the materials introduced.

Regarding the spatial decay rate of sound, Djg4-gm), it can be observed that a substantial
improvement from configuration 1 to 3, thus, thanks to the insertion of both the sound-absorbing
false ceiling and the partitions panels (Table 4), as already shown by previous studies [41].
The configuration 4 doesn’t produce any additional improvement.

Typology A is the open plan situation that is most affected by the changes in the
environment acoustic properties where D; g reaches the value of 5 dB in configuration 3. However,
every configuration falls within class D according to the classification given in Table 1 from the standard
ISO 3382-3, since they always have D, g < 7 dB; this suggests the necessity of adding absorbing material
also on the lateral walls. Anyway, it must be underlined that this parameter has been obtained from
the trend line on L Aeq VS- distance, that, in cases 3 and 4, have a correlation coefficient lower than in
cases 1 and 2. For example, in office type A, the correlation coefficient R? is equal to 0.91 in case 1,
while in case 3, this value is 0.83 (Figure 8).

This phenomenon is caused by the diffraction effect of the sound that determines a decrease of
the sound level immediately after the high partition and the screens in the workstations, while in the
successive points, this effect is reduced and the sound pressure level increases again, according to
the room’s acoustic quality. The diffraction effect determines great data dispersion, and consequently,
a lower correlation coefficient.

This latter problem is particularly strong in case 3, where the sound spatial decay in the box
(the portion of the office between two opposite separating screens), called D, g,0x), shows negative
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values for all kinds of offices except office A (Table 6). This is due to the fact that the sound decay
within the box has been obtained by arithmetical subtraction and not according to the trend line.
As shown in Figures 9 and 10, referred to as an example of office type C, the receivers used to extract
D3 s@ox) are Rx and Ry,». The receiver Ry is situated behind the high partition and is little affected by
the diffraction effect, and as a consequence, the Sound Pressure Level (SPL) is lower than in Ry,, even
if this last is further from the source. For example, in office type C, in case 3, Laeq in receiver Ry is
equal to 43.3 dB(A) while in Ry, is equal to 44.6 dB(A), so the D; g,0x) Obtained from arithmetical
subtraction is a negative value.

Sound pressure level dacay
65

63

-~
61 |
> s R? = 0.9061
57 . - - =U.
- s a_%_ T e o o o o o
53 g v
— [ ] *—
< 57 r—_
& 1 : Y R? = 0.9523
T 4 - Y52 o L
o o
g A7 o &
e 1 . ° -
43 e 9 A
a1 e = e * o
39 o @ e ¥
37 e o i";”—ﬁ_
z R?=0.8518
0 2 4 6 8 10 12 14 16
Distance (m)
® Casel ® Case2 @ Case3 @ Cased

Figure 8. Sound pressure level vs. distance from the source and R? values of logarithmic trend lines
for office A.
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Figure 9. Example of sound source and receivers used to obtain D, gp0x) in ‘C” office type.
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Figure 10. Sound propagation map in the four conditions studied in office type C.
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However, by considering the sound pressure level absolute value, we can still deduce a positive
result from the introduction of the panel and the low screens on the tables. With reference to office
type A, there is a reduction of approximately 7 dB from the configurations 1 to the configuration 4,
while at 4 m, the distance from the sound source of the reduction is almost 10 dB.

In the office type B, there is the same difference of the sound level at a short distance, while the
introduction of the partition panels and low screens have a greater effect causing a reduction of SPL of
13.3 dB at 4 m from the source.

Figure 10 shows the map of A weighted Sound Pressure Levels in office type C with receivers set
every 20 cm. This is a detailed map of the propagation of sound over the various obstacles (desk screen
and dividing panels). It can be noted that the diffraction effect simulated by the pyramid tracing
software over the small screens on the desks (bottom, right of the Figure) and over the dividing panels
(top, right of the Figure). As a consequence of this diffraction effect, the small screens over the desks
are almost ineffective to reduce the sound propagation from the speaker to the opposite worker.

Another important evaluation concerns the classification reported in Table 1 in accordance with the
Lp, A s4m values. With reference to this parameter, all types of rooms are in class D in the configuration 1,
while in configurations 3 and 4, they reach class A or B. Therefore, the changes made to the environment
are significantly positive for the acoustic quality of the room, in terms of SPL reduction at greater
distances. This agrees with the conclusions of previous studies [8,24].

With reference to Reverberation Time, with the introduction of a sound-absorbing false ceiling,
a clear change occurs in all the spatial morphologies. This reduction is more evident in the office
configuration C, probably because of the greater proportion of ceiling surface.

The insertion of internal dividing panels further slightly improves room acoustic quality in
all configurations.

The STI parameter was obtained in the short distance considering the position of two sitting
opposite workers who carry out activities with a common interaction of information, by introducing
as background noise the one measured during a typical working morning in the case study office
(Figure 7, Laeq = 57 dB(A)). This background noise includes the sound produced by any worker
and device present in the office and also the sound coming from the outdoor environment through
the facade.

In the case study analyzed in this paper, the fagade sound insulation was rather low (in the order
of Dom n1w = 30 dB) and the outdoor environment was quite silent (internal court of the office). It can
be considered that the noise coming from outdoors, when considered as a equivalent sound level,
as required in the evaluation of the STI, is usually lower than the noise produced inside the office
and also in the cases of noisy outdoor environments, as shown in previous studies of the author [42].
The effect of short duration noise events coming from outdoors (such as sirens, passing of very noise
vehicles and others) could reduce the intelligibility inside the office when the sound insulation given
by the fagade is low [18]. Anyway, these short duration noise events are not properly evaluated in
the analysis of the Speech Transmission Index, since the study of this parameter requires the use of a
continuous and uniform background noise. For this reason, this effect has not been considered in the
present study.

In all situations analyzed, the intelligibility improves about 0.2 points from configuration 1 to 3.
Considering that intelligibility is classified as excellent with STI > 0.75 (Table 3) the results are excellent
since they are all higher than 0.9.

In order to evaluate the disturbance produced by the irrelevant speeches for the worker, we also
analyzed the STI decay in terms of distance through the rp parameter. The value of rp is very high in
configuration 1 for all typologies (Table 6), but especially in offices type D and E, probably due to the
very high volume in office D and the irregularity in office E. Class A (rp < 5 m) is not reached under
any configuration, even if the offices type A and C are classified in class B (rp < 8 m).
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Through an accurate analysis of the results, shown in Figure 11, it can be seen that office A in
configuration 4, already at 3 m of distance from the source, has a value of STI about 0.55 and is therefore
classifiable as a point with poor intelligibility.

Table 6 summarizes all results obtained.

Spatial decay of STI OFFICE TYPE A

Spatial decay of STI OFFICE TYPE B
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Figure 11. Analysis of spatial decay of STI in all types of offices analyzed, referred to as configuration 4.

Table 6. Summary table of results obtained from the simulations of 24 types offices; the value of STl is
referred to the worker placed in front of the speaker (opposite working position); the asterisk (*) means
that the dimension found for the distraction distance is greater than the maximum length of the room.

Office A Office B Office C

Casel Case2 Case3 Case4 Casel Case2 Case3 Case4 Casel Case2 Case3 Case4
D25 (4-8m) [dB] 14 3.1 5.0 4.6 1.1 1.9 2.6 1.9 0.7 1.5 22 2.3
Dy s (box) [dB] 0.8 1.9 0.3 34 0 -0.3 -0.8 0.4 0.7 14 -1.3 0.2
Lp,as2m [dBA] 59.2 56.5 57.1 52.5 58.5 56.9 57.2 51.8 58.7 57.2 574 52.8
Lp,A54m [dBA] 57.5 522 484 47.8 547 485 439 414 55.3 51.7 40.8 403
RT [s] 2.82 0.96 0.82 0.80 3.97 1.34 1.21 1.19 3.95 1.24 0.39 0.24
STI 0.75 0.92 0.97 0.85 0.69 0.88 0.94 0.72 0.78 0.93 0.95 0.84
rD [m] 18.6 19.4 9.0 6.3 12.6 21.0* 12.4 9.5 23.0 17.5 85 7.0
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Table 6. Cont.

Office D Office E Office F
Case 1 Case2 Case3 Case4 Casel Case2 Case3 Case4 Casel Case2 Case3 Case4

Dy s (4-8m) [dB] 0.7 15 2.0 2.0 15 3.3 49 4.8 1.6 3.0 3.7 3.6
Dy s (box) [dB] 1.0 2.0 —0.2 2.2 13 42 -1.3 1.8 14 4.0 -1.0 2.1
Lp,as2m [dBA] 59.1 57.4 57.4 55.1 59.8 56.9 56.9 52.7 58.9 56.7 56.8 524
Lp,As4m [dBA] 57.3 54 49.2 48.5 58.1 53.9 43.5 43.9 57.3 53.9 44.4 44.7
RT [s] 411 1.32 1.11 0.94 2.76 0.87 0.71 0.64 448 14 1.17 1.03

STI 0.68 0.85 0.93 0.85 0.69 0.89 0.95 0.88 0.65 0.85 0.93 0.85

rD [m] 38.0 28.0 18.0 10.0 38.5*% 26.7 * 8.8 10.2 11.0 16.2* 11.0 10.5

4. Conclusions

The acoustic improvement in open plan offices can be usually achieved by introducing a sound
absorbing false ceiling and high dividing panels, but literature shows that there can be different results
depending on the spatial configuration of the office [41].

The variation of the main parameters describing the acoustic quality of a working area have been
analyzed with reference to six spatial typologies, which are representative of the most spread kinds
of open plan offices. The analysis has been performed by means of a ray tracing software previously
validated in a case study of an open plan office.

The best results are obtained with office type A, characterized by a contained volume in height
and by equal plan dimensions. Even similar environments with modest plant irregularities show a
good response to the treatment.

The introduction of a sound-absorbing ceiling and of separating panels between different working
areas is very efficient in all office typologies. Indeed, all of them are in class D with reference to the
acoustic classification of open plan offices given by EN ISO 3382-3 in configuration 1 (without absorbing
ceiling and partitions), while reach class A or B with the acoustics treatments of configurations 3 and 4.
The described acoustic improvements of offices are significantly positive for the acoustic quality of the
spaces in terms of SPL reduction at greater distances.

The Reverberation Time is reduced with the introduction of a sound-absorbing false ceiling in all
the spatial typologies, but the variation is more evident in office configuration C, characterized by a
dimension much greater than the others and reduced height.

The intelligibility between two opposite worker’s sittings who carry out activities with a common
interaction of information is significantly improved of about 0.2 points from configuration 1 to 3
in almost all office configurations. In all cases, the intelligibility can be classified as excellent with
reference to limit values given by the standard IEC 60268-16:2011.

In open plan offices, as shown in scientific literature, the main disturbance elements for the
workers are the presence of the irrelevant speech and lack of privacy. With reference to the disturbance
produced by the irrelevant speeches for the worker, Class A of EN ISO 3382-3 (rp < 5 m) is not reached
under any configuration, even if the offices types A and C (with square and rectangular shape but low
height) are classified in class B (rp < 8 m). Therefore, the irrelevant speech can be considered as a very
hard problem that cannot be completely reduced with the introduction of partition panels and sound
absorbing ceiling, but also requires other strategies such as the use of sound masking.

The introduction of high partitions between working areas where workers do not need to interact
with each other can improve the privacy. However, only good design planning or the refurbishment of
the open plan office that creates several spaces based on different activities (working area, team space,
coffee area, telephone area, etc.) can improve the privacy of the workers.
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The introduction of the small screens in the table between two opposite working positions
(Figure 6, case 4) is almost always irrelevant, as shown to be the differences between the configurations
3 and 4 (Table 6).

Therefore, the essential interventions consist in introducing a sound-absorbing false ceiling and
placing partitions at least 1.8 m high between the work areas that do not have to interact with each other.

On the contrary, it is more difficult and onerous to obtain suitable environmental qualities in
spaces with great heights and not well-proportioned dimension in plan.

The only effective solution consists in increasing the sound-absorbing surface and in dividing the
work place into specific areas, according to the activities, with the use of high panels.

These results can be used as guidelines for the layout design of open plan offices and for the
selection of appropriate materials.
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