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Learning outcomes

Definition of sound

* Harmonic oscillations and complex notation

Acoustic variables and levels

Addition of correlated and uncorrelated sources

Frequency domain representation
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Time & frequency domains (I)

Harmonicsignal: y(t) = A sin(wt) = A cos(wt + ¢) = Asin(2mf - t)
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—  Amplitude: A Q\ ) T )
ya __.__/K-__.-__-- N
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Amplitude
o

— Period [s]: T = 1/f \

©

— Frequency [Hz]: f= 1/T

Time [s]

— Wavelength [m]: A=cT=¢/; FFT
— Propagation Speed [m/s]: c=fA A

NOTE: c# vV : / \

= A
— Effective value (RMYS): d _ f L
Frequency [Hz]
to+At
~ 1 ~ A :
Apms = A= |— f y2(0dt, Aparmonic= — Frequency domain
At £ signal /ﬁ
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Complex notation

Equivalent description: ~ p(t)=Acos (wt+¢)

p(t)=Re [Ae_i(“’H‘p)] = Re [Ae_iwt]

where the complex amplitude is defined as: A = Ael®

and e'® = cos(¢) + isin(ep)

b=
<
=
b
* The peak value and initial phase are z )
N
A=Al 4
I
Im[A] o !
tan () = |
Re [A] R[A] | Real part
NOTE 1: The complex number 77" is sometimes also expressed as ”j”
T
NOTE2: ® cos =@ ; ~3
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Time & frequency domains (II)

* A more complex time signal (traffic load)

x10"*

i /Truck

X 10_‘6

FFT _Z.Si

Velocity (m/s)
o

Time (s)

*  Narrow band analyses

— Impractical, time-consuming

—  QOctave & 1/3 octave bands

NOTE: Spectrum (any magnitude plotted against frequency)
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SPL (dB)

Time & frequency domains (II)
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Hearing process

* Pressure waves
* Fora sound to be perceived
— Frequency: 20 Hz — 20 kHz
Sound pressure level (SPL): frequency dependent

Inner ear detects: Ap € [20 pPa, 200 Pa] = wide range

— Use of logarithmic scale (in decibels)

Conveying medium Receptor
LUND
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The decibel (dB) & SPL

* Logarithmic way of describing a ratio
— Ratio: velocity, voltage, acceleration...

— Need of a reference

* Sound pressure level (SPL/ L,)

~2 ~
Ly = 1010g<p7> = 2010g( P )
Pref Dref

p = p(f) = RMS pressure
Pref= 2°107° Pa =20 pPa
P.im = 101 300 Pa

Prot(Y) = Patm £ P(D)

— P measured with microphones

— Frequency response of human hearing changes with amplitude
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Frequency weightings

* Frequency response of human hearing changes with amplitude

* How to relate the objective measure to the subjective experience of sound?

(estimatg?'u)

Sound Pressure Level (dB
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Equal-loudness contours (red) (from ISO 226:2003 revisic
Original ISO standard shown (blue) for 40-phons
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Frequency weightings

e Filters and calculation

+20

+10

Gain dB

(not defined) %

10 100 1000 10k 100k

A-weighting (blue), B (yellow), C (red), and D-weighting (blk)

(Lp+weighting)

Lweighted = 10log Z 10 10

Frekvens A-filter

B-filter C-filter

[Hz]  [dB]  [dB]  [dB]
10 -70.4 -38.2 -143
12.5 -63.4 -33.2 -11.2
16 -56.7 -28.5 -8.5
20 -50.5 -242 -6.2
25 -44.7 -20.4 -4.4
315 -394 -17.1 -3.0
40 -34.6 -142 -2.0
50 -30.2 -11.6 -1.3
63 -26.2 -93 -0.8
80 =225 -74 -0.5
100 -19.1 -5.6 -0.3
125 -16.1 -4.2 -0.2
160 -13.4 -3.0 -0.1
200 -10.9 -2.0 0
250 -8.6 -13 0
315 -6.6 -0.8 0
400 -4.8 -0.5 0
500 -3.2 -0.3 0
630 -1.9 -0.1 0
800 -0.8 0 0
1000 0 0 0
1250 0.6 0 0
1600 1.0 0 -0.1
2000 1.2 -0.1 -0.2
2500 1.3 -0.2 -0.3
3150 1.2 -0.4 -0.5
4000 1.0 -0.7 -0.8
5000 0.5 -1.2 -1.3
6300 -0.1 -1.9 -2.0
8000 -1.1 -2.9 -3.0
10000 -2.5 -43 -4.4
12500 -4.3 -6.1 -6.2
16000 -6.6 -8.4 -8.5
20000 -9.3 -11.1 -11.2
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Frequency weightings (I)

* Correlate objective sound measurements with subjective human response

—  A-weighting [dB(A)/dBA]: designed to reflect the response of how the human

ear perceives noise, i.e. 20 Hz-20 kHz

»  Only really accurate for relatively quiet sounds and pure tones?

»  Low frequency noise is suppressed (wind turbine noise?)

—  C-weighting [dB(C)/dBC]: developed for high level aircraft noise

— Z-weighting: zero frequency weighting (un-weighted values)

— B-weighting: covers the mid-range between the A- and C-weighting

— D-weighting: designed for use when measuring high level aircraft noise

Fallen into disuse

*Filters are defined in the standard IEC 61672
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Frequency bands

* A sound in the frequency domain may be looked at in several ways.

Narrow bands;

* Third-octave bands;

1101 -

— 1/3 octave band
Constant bandwidth 12.5 Hz

=
A
= 100
*  Qctave bands; °!
5
= 90
*  Total value. -
a7 80
i)
>
L 70
L
2
§ 60
_g" """" Total level
g S0H == =Octave band .
A

40
100 1000 10000
Frequency [Hz]
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Octave and 1/3-octave bands

If £, is the cut-off lower frequency and f,,; the
upper one, the ratio of the band limits is

given by:

fIl+1 — 2](
fn

where k=1 for full octave and k=1/3 for one-
third octave band

ISO 266 Standard Frequencies for Acoustic Measurements

ISO Octave band One-third octave band
Band numbers center frequency center frequencies
1 1.25Hz
2,34 2 Hz 1.6 Hz, 2Hz 2.5 Hz
5,6,7 4 Hz 3.15Hz, 4 Hz, 5 Hz
8,9 10 8 Hz 6.3 Hz, 8 Hz, 10 Hz
11,12, 13 16 Hz 12.5 Hz, 16 Hz, 20 Hz
14,15, 16 31.5Hz 25 Hz, 31.5 Hz, 40 Hz
17,18, 19 63 Hz 50 Hz, 63 Hz, 80 Hz
20, 21, 22 125 Hz 100 Hz, 125 Hz, 160 Hz
23,24,25 250 Hz 200 Hz, 250 Hz, 315 Hz
26, 27, 28 500 Hz 400 Hz, 500 Hz, 630 Hz
29, 30, 31 1000 Hz 800 Hz, 1000 Hz, 1250 Hz
32,33, 34 2000 Hz 1600 Hz, 2000 Hz, 2500 Hz
35, 36, 37 4000 Hz 3150 Hz, 4000 Hz, 5000 Hz
38, 39, 40 8000 Hz 6300 Hz, 8000 Hz, 10000 Hz
41, 42,43 16000 Hz 12500 Hz, 16000 Hz, 20000 Hz
1
L, = 10log (§)

NOTE 1: Convert octave band to 1/3-octave band level reduction of

-4.771dB for each 1/3 octave band:

NOTE 2: Octave band level of three 1/3-octave band levels:

3
Loct = 101log Z 101
i=1
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Summation of noise

*  Graphical methods

15
: : =) e
— Adding equally loud incoherent sources 2 =
: : N 10 AT
— Adding two different sources 9 “
c
L]
» e.g Li=61dB/L,=55dB g
T >4
] T
(dB) A N L z
3| —_bn | I
\ Lptor = 10log 10 10 o
: L=062dB = 1 5 10 15 20
2 Number of equal loud sources »
1dB
\\ L A
o
0 | — —> L (i) \
0 5 6dB 10 15 B
: \\ L=63.4 dB
— Substracting two different sources T\
N\
2 N,
» c.g. LS+N=65 dB / LN=6O dB 168
——> L
12345678910 (dB)
“—\— 5dB
NO VALID L~ Lon
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Summation of noise (I)

* Types of sources \ 5 o oo

— Correlated (or coherent)

»  Constant phase difference, same frequency

» Interferences (constructive/destructive) \
N . . . .
p n Correlation due to reflection Correlation due to multiple sources
NIV Lo = 20108 Z ?
= RO R
N O

— Uncorrelated (or incoherent)

N
N
Lpn
W\/\\//\vf\/\/ Lptot: 10 log z 10 10 N N
AN ' —
WAVLVIVA n= O O
to +At Uncorrelated reflection due to long delay Uncorrelated multiple sources
2
The total RMS pressure: P = P37 +p5+ Y f p; (Op, (®)dt
to

For uncorrelated sources, the 3 term vanishes
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Sound (acoustic) intensity

*  Sound power per unit area [W/m?]

— Vector quantity: energy flow and direction
T

1
= (o) = 1 [ OV
0 ~
— In a free field: 1=p_; [ o p?
pcC

*  Types of propagation

— Plane: | = constant;

1
— Cylindrical: 1(r) ox—

1 I1
Spherical (r) « - I(r) pp—;
. I W
* In decibels... Ly =10log (Io) ; [, =107 /mz
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Notes / Definitions (I)

* Sound emission

Sound power continuously emitted from a sound source

*  Sound power level (SWL / Ly / Lpp) or acoustic power
— Total sound energy emitted by a source per unit time
»  Constant regardless of the room

» Independent of the distance from the sound source

»  Theoretical value
—  Units: Watts [W] or decibels [dB] (re: 10-12 W)

QO

L

0@

Source: www.sengpielaudio.com

Lyw = Lp+|1010g< Q )

Q=1: Full sphere
Q=2: Half sphere
Q=3: Quarter sphere
Q=4: Eighth sphere
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Do not mix up concepts (III)...

2
L =10 logiL-
_ Sound pe
Receiver <t———> Prliag\i;re Do=2x 105N/ 12
=20uPa
Sound
ﬂ Path <> |Intensity I
/\ Level Li=10 logio—
Lo
L=1pW/m’
Sound W
Source <G=———=> Power Lv=10 logio—
Level 5
Wo=1pW
Brilel & Kjaer =&+

www.bksv.com, 2 BEYOND MEASURE
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Building acoustics measurements

e Airborne sound insulation measurements (ISO standards)

R [dB]
60 [

Sending Room Receiving Room

Microphone Microphone 55

© o

Loudspeaker 50 |

i i
1 = La "
Wall 40 | Rt caminn)

35 [ R ,
30 [ pd NS
vV

R(f)=LS(f)—LR(f)+1010g(%) Z ;‘,."I

15 63 125 250 500 1000 2000 4000

Statement of results: Frequency [Hz]
* R, (Cspz1505 Cp)
* R,(Csp31505 Cy)
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Sound reduction index of single-leaf partitions

e Exact method

— Region I: Stiffness-controlled region (f< f;;)
— Region II: Mass-controlled region (f;; < f< /)
— Region III: Damping-controlled region (fi< f)

Region T (stiffness Region I1 Region 111
controlled) N {mass controlled) > (damping
Lower stilfness Resoraige fegion Mass law controlled)

region

P -
>

>

\

e

Coincidence region

High

damping
Average
damping

\ Low
(]

‘e damping

T

Sound reduction index (dB)

Frequency (Hz)
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Reminder: Coincidence — critical frequency

The wavelength of a bending wave A is dependent on frequency, bending
stiffness and mass density

Impinging wave

When the wavelength of sound in air coincides with the structural
wavelength = Coincidence phenomena

— Radiation efficiency becomes very high

— Insulation inefficiencies
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SNQ = Single number
quantity, descriptor

< »
Impact sound “problems”: SNQs
[ Wood ] [ Concrete ]
L0 [dB]
80 T \ Grey lines — example for "I//
y Concrete slab: /'/'
75 & “\ I/, ¥
“\ a) without floor covering,/' ,’/
il b) with floor covering_ /=~ 2
\ =S
b)
3150Hz

20 |
100 Hz
Analysed frequencies (norms)
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Thank you for your attention!

nikolas. vardaxis@construction. lth.se
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