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* Noise metrics
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... recap from last lecture
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... recap from last lecture

Figur 1.1

Samband mellan akustisk
kvalitet och kostnad far
bulleratgarder.

Kalla: SOU 1993:65

Kostnad for bulleritgérder
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Lag
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M. Barbagallo, D. Bard | 1jud i byggnad och samhille | V'TAFO1 [/ 25 March 2020

UNIVERSITY



... recap from last lecture
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... recap from last lecture
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Time & frequency domains

Harmonic signal: y(t) = Asin(wt) = Acos(wt + @) = Asin(2nf - t)

—  Amplitude: A G\ | ) T " | | ) A !
%/_)\ ______ L. _\ 1
— Period [s]: T = 1/f : |

— Frequency [Hz]: f= 1/T

(=)

Amplitude

@

Time [s]

— Wavelength [m]: A=cT=%/; rrr How much a time-signal resembles

sine waves with varying f

— Propagation Speed [m/s]: ¢=fA A T 1 — r
NOTE: C#V E
£
—  Effective value (RMS): 1
Frequency [Hz]
. to+At SR
ArMs = A = E j y2(t)dt, Khar_monicz A/\/E — Frequency domain )
{y signal LUN D
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Time & frequency domains

* Fourier Transform: decomposes a signal into its constituent frequencies.

Sarn Wiawe Fraquzncy Spedrum
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DEF: The decibel (dB) & SPL

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

— Need of a reference

* Sound pressure level (SPL / L)

~2 ~
Lp==1010g<l%—>==2010g< D >
pref pref

p = p(f) = RMS pressure
Dref = 2:107° Pa = 20 pPa
Patm = 101 300 Pa

Ptot(t) = Patm * P(V)

— P measured with microphones

— Frequency response of human hearing changes with amplitude

LUND

UNIVERSITY
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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?
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Frequency weightings (II)

Frekvens A-filter B-filter C-filter
[Hz] [dB] [dB] [dB]

* FHilters and calculation 130 \_ e —
gL 100 phon” 125 634 332 -112
g %0 16 -567 285 -85
+20 o 20 505 242 62
¢ 60 25 447 204 -44
£ 315 -394 171 -3.0
+10 T 30 40 346 <142 20
32 50 302 116 -13
0 0 gy 63 262 93 08
(©) 1010 100 1000 10k 100k 80 -22.5 =74 -0.5
@ -10 B Geiginal 150 standard shown (bloe) for 40.phons 100 -19.1 -.6 03
2 125 -16.1 42 02
S 50 | ® 160 -134 30 0.1
200 -109 20 0
3 250 -8.6 -13 0
-30 (A) (not defined)-'-._ 315 -6.6 -0.8 0
(B) 400 4.8 -0.5 0
-40 500 32 03 0
: 630 -1.9 -0.1 0
-50 i 800 0.8 0 0
10 100 1000 10k 100k 1000 0 0 0
_— - 1250 0.6 0 0
A-weighting (blue), B (yellow), C (red), and D-weighting (blk) 1600 10 0 0.1
2000 12 01 02
2500 13 02 03
3150 12 04 05
4000 1.0 0.7 08
5000 0.5 -12 -13
6300 -0.1 -19 20
8000 -11 29 30
10000 25 43 44 -
12500 43 6.1 6.2 NR S
16000  -6.6 -84 -85
20000 93  -111  -112 LU ND
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Frequency bands

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

e Narrow bands;
110

e Third-octave bands;
100
e Octave bands;

90
e Total value.

P
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------- Total level

S50H == =Octave band
— |/3 octave band

—— Constant bandwidth 12.5 Hz
40. =
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Frequency [Hz]

Sound pressure level, L._[dB re. 20uPa]
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Noise metrics

* There are different noise metrics that we can use, e.g.:

*  Equivalent

e  Maximum level

level 1 (Tp2)
LeqT = 10l0g (—j dt) =
- T 0 plz“ef

1T (
10 log TJ 10
0

Lp_(t)>
10 dt)

Vagtrafikbuller som funktion av tid

Ljudniva, dB(A)

iof E’@ﬂn@mfé 74
oo oo —Ekvivalentniva 68 ——————/— M &

s VAW/‘WM\ -

BN / WA,

550 I 6=0 ; 12;0 { 18=0 : 2510 I 300=

Tid, sekunder

Figur 4:9. Ljudnivins variation under 5 minuter pd en livligt trafikerad
innerstadsgata. Ekvivalentnivd 68 dB(A), maximalnivd 74 dB(A).

Ex: Calculate the Leq,8h that corresponds to 100 dBA for 15 min.
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Summation of noise

* The total RMS pressure:

ty+AL fo+A1

;I’[pl(t)"'pz (t)]zdt = ;512 +522 +A71 mjpl(t)pz (t)dt

|
~7 _
pmz Al‘

!

* Types of sources

— Correlated (or coherent)

»  Constant phase difference, same frequency

WNV » Interferences (constructive/destructive)

AVAVAVAVAY

AVAVAVAVAVS N Lpn

Lp,tOt = 20 10g Z 10W
n=1

— Uncorrelated (or uncoherent)
N

Lp,n
W Lp,or = 101og 10710

For uncorrelated sources, the 3* term vanishes

O O

Correlation due to reflection Correlation due to multiple sources

0% o

7

7

O O

Uncorrelated reflection due to long delay Uncorrelated multiple sources
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Introduction

* A very broad definition...

— Acoustics: what can be heard. ..

— Vibrations: what can be felt. ..

* Coupled “problem”

— Hard to draw a line between both domains Souree ]. Negreira (2016)

* Nuisance to building users

— Comprise both noise and vibrations

UNIVERSITY
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Linear system

* What effect does an input signal has on an ouput signal?
— What effect does a force on a body has on its velocity?

* A way to answer it using theory of linear time-invariant systems.

input output

LUND

UNIVERSITY
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Linear system

* Linear time-invariant systems

— Mathematically: relation input/output described by linear differential
equations.

— Characteristics:
» Coefticients independent of time.
» Superposition principle.
—a(t)—>c(t);b(t)>d(t) =a(t) + b(t) > c(t) +d(t)
» Homogeneity principle: aa(t) — ab(t)

» Frequency conserving:

— a(t) comprises frequencies f1 and 2; b(t) comprises f1 and 2.

LUND

- UNIVERSITY
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Linear systems

e [.inear oscillations shall be considered

— 1.e. ytelding linear oscillation between exciting forces
and resulting motion

* Typically linearity is achieved when involved quantities can be regarded as small
variations about an average value

— Sound!

— In acoustics we can typically describe relations between inputs and outputs
with linear systems and with linear differential equations with time-constant
parameters.

LUND

UNIVERSITY
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Linear systems

* Really useful and powerful concept

Sound Pressine

(Picture: Volvo Technology Report, nr 1 1988) [1]

LUND

UNIVERSITY
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Single-degree-of-freedom

* SDOF simplest linear system?

: lF(t)

u l u(t)

K

S

e A mass. A stiffness.
* Input force. Resulting displacement/velocity/accelleration.

* Isn’t that perhaps too simple to be useful?

LUND

- UNIVERSITY
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Single-degree-of-freedom

Structure Stiffness &

e One can do a lot with SDOF mpriing

1. Rctual System 2. One degree of
[{Car) freedom

* And one can use many SDOF to have a multiple degree-of-freedom

system (MDOF).

i fF Stiffness,
4 Et:.L_.._ness, damping & Digtributed mass &
g B amping & : e :
Structure S5tiffness & ey suspensicn stl-fne#s, tire &
Damping system aystem susapension system
= 5. Beam with
1. RActual System 2. One degree of 3. Two degree of f_ I‘;C dEgsEE or S
Car fresdom it freedom an i o
{Car) R T Tt i 11:}‘]:1:111:.3 fegree
of freedom
. . . . . . . . \
https://commons.wikimedia.org/wiki/File:Structureandideal2.jpg Lu N D

UNIVERSITY

M. Barbagallo, D. Bard / 1jud i byggnad och sambélle | V' TAFO1 / 25 March 2020



Equations ot Motions ot a mass-spring system

* Forces in the system:

u(t)
M l e  Newton’s law: MX

e Hooke’s law: —Kx
K

e Forces shall balance each other:

Yoo a )
e Mx = —Kx

e Mx+Kx=0

* We got Equations of Motions (EoM) of the
system!

LUND

UNIVERSITY
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Free vibrations

System is excited at a certain time — BANG!
e No more external forces after that excitation!

—Mx+Kx=0

What is the solution? i.e. how is the system moving?

EoM is ordinary differential equations
— We know the solutions from basic math courses

— It is exponential functions (they appear again!)

- x(t) = ae?t

— Plug-in that solution in EoM!

g
LUND

UNIVERSITY

M. Barbagallo, D. Bard | 1jud i byggnad och samhille | V'TAFO1 [/ 25 March 2020



Free vibrations

EoM: Mx + Kx =0

MAZae?t+K ae?t=0 (mathematically eigenvalue problem)

-2+ =0

»A =1 M=1w0;12=—1 o = Tlwg.

What are those solutions A? (mathematically eigenvalues)

=~

— K has dimensions N/m = [kg m/s"2]/m = kg/s"2 | Anasis of dimensions

is very helpful to check
. . for mistakes and
- M has dlmeﬂSIOIlS Of kg understand what is

going on!

— Then A is 1/s = Hz. Frequency!

x(t) = ae'®ot + pe 1®ot=Asin(wyt) + Bcos(wgt).
0 0

g
LUND

Oscillatory motion!

- UNIVERSITY
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Free vibrations

. \/% = Wy is the (angular) frequency with which that system oscillates.

— It 1s the natural frequency of the system — eigenfrequency.

* We have not solved the problem because we have constants A and B.

- x(t) = Asin(wgt) + Bcos(wyt).

— We need initial conditions at t=0

— Displacement x(t = 0) equals something.
— Velocity x(t = 0) equals something.

— Two conditions; two equations; two unknowns (A, B): OK!

M. Barbagallo, D. Bard | 1jud i byggnad och samhille | V'TAFO1 [/ 25 March 2020
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Free vibrations with damping

A

u(t)

K R

[T777.

S S S

e Forces shall balance each other:
e mx = —Kx— Rx
e mX+Rx+Kx=0

e Same solution trial x(t) = ae’t

A

LUND

- UNIVERSITY
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Free vibrations with damping

A

u(t)

K R

[T777.

S S S

/’{1__R+I(A)R:1(1)0,/12:_R_1(1)R,(1)R:\/(Ug

° x(t) — ae—Rt+l(1)Rt + be—Rt—l(DRt —

[Asin(wgt) + Beos(wgt)] e R

M. Barbagallo, D. Bard | 1jud i byggnad och samhille | V'TAFO1 [/ 25 March 2020
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Forced motion — Undamped SDOF

e We had an external force. Forced motion.

F(t) = Fy,, cos(ot)

| ity ()

u l u(t)

Inertial Elastic Applied
force force force

K

ST
— u(?) obtained by solving the EoM together with the initial conditions

»  Solution = Homogeneous + Particular (homogeneous = free vibration!)

F (5 = Fycos(@) F@=0 5
LUND

UNIVERSITY
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Forced motion — Undamped SDOF

* Eigenfrequency/Natural frequency: the frequency with which the system
oscillates when it 1s left to free vibration after setting it into movement

K 1 K
O = 4| — fo=—-.]—
M 27 \M

—  Expressed in angular frequency [rad/s] or Hertz [1/s=Hz]

: : V, .
* Homogeneous solution: U, (t) = Acos(at) + Bsin(egt) = u, cos(a)ot)+;°sm(a>0t)

F(t)=0

e Particular solution: u,(t)=u,cos(et) =

“Static solution”

Displacement response

If ® = @, > Resonance factor Ry

LUND

- UNIVERSITY
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Forced motion — Undamped SDOF

u(t) = uy(t) +u,(t)

Total response
Steady-state response

N \ rs
) N
g4 N

2
0 0.5 1 1.5 2
t/T
V, . F. . 1
Uy (1) = U, COS(at) +—2-Sin(,t) 2 - —= - C0s(at)
@, K o
1-| ©
Homogeneous W,
K Particular
a)o = -
M

LUND

UNIVERSITY
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Forced motion — Damped SDOF

* Mass-spring-damper system (e.g. a floor)
F(t) = Fyy"cos(et)

1T eoes

u(t) Inertial Damping Elastic Applied
K R

force force force force

[TT77.

S S S

— u(?) obtained by solving the EoM together with the initial conditions

»  Solution = Homogeneous + Particular
() =ty (1) +36,0)

F () = F,,-cos(@) F)=0

<
z
/.$

NOTE: Damping is the energy dissipation of a vibrating system Lu D
UNIVERSITY

S11
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SDOF — Eigenfrequency with/without damping

* Remember! The natural frequency 1s the frequency with which the system
oscillates when it is left to free vibration after setting it into movement

K NOTE: The natural frequency is not
—  Undamped: @, = o

influenced very much by moderate viscous
damping (i.e. <0.2)
—  Damped: @y = a)m/l—gz

0.05

-0.05

4] [\f\/\/\/\/\/\/’\w
Uy
'0‘050 5 10 15
0.05 . T
0 WW[W\MA/VW\A/WV\
Up
'0'050 5 10 15
0.05 . .
0
U=ty + Uy
0

tid [s]

Figur 7 Hormogen, parikaildr och total l6sning

LUND

UNIVERSITY
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SDOF — Eigenfrequency with/without damping

Remember! The natural frequency is the frequency with which the system
oscillates when it is left to free vibration after setting it into movement

K
—  Undamped: @, = o

—  Damped: a)d=a)m/l—§2

NOTE: The natural frequency is not
influenced very much by moderate viscous

damping (i.e. £<0.2)

1
(=2% £=5%
ﬂnnﬂﬂﬂﬂnnnn ﬂnn
“_\0 nnﬂ!\AAvAvA‘; ﬁn NP
S NUUVUUUUUUUWVW JUUUWAVH-,
g ' : : :
= n {=10% : {=20%
{/lkdas e
-1 : - ! :
0 5 10 15 20 5 10 15 20 U5
1T, 1T, e
Various behavionrs for realistic levels of damping LU ND
UNIVERSITY
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Damped SDOF — Homogeneous solution

* Solution yielded when F(?)=0
* Solved with help of the initial conditions (B, and B))

* Composed of:

— | Decaying exponential part

— | Harmonically oscillating part

U (t) _ e_za’ot( iyt —ia)dt)_ 2
H(t) = Ae™ +Ae =e

B, sin(w,t) + B, cos(a)dt))‘

R n ?
n=———==2¢ Wy = g|1~|
VMK 2
NOTE: B, and B, calculated from the initial conditions LU ND

- UNIVERSITY
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SDOF — Homogeneous solution

* TFunction of damping
— Responsible for the system’s energy loss

— Example

] 10 1% 20

A

n

Without damping
With damping

Mf\;: <
LUND

UNIVERSITY
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Damped SDOF — Particular solution

* Solution showing the displacement under the driving force:

— For example: F(?) = F,_ -cos(x)

e The solution has the form:  u,(t) = D;sin(at) + D, cos(wt)

D = Ro F.
" (K-Me?f +(Roy ™

Which gives the solution K Mo
D2 = ) I:driv

(K -Mo?f +(Ro)

L,
=4

LUND

- UNIVERSITY
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Damped SDOF — Total solution

Total solution = homogeneous + particular

— The homogencous solution vanishes with increasing time. After some time: #(? )=u,(t )

) Total response

v

Particular response

u(t)/us

1otal response of a damped system subjected to a harmonic force,

n

U () =[e 2" (BySin(0,) + B, cos(ayt))}- D, sinat) + D, cos(at)

Homogeneous Particular

Wy = a)m/l—gz

M. Barbagallo, D. Bard / 1jud i byggnad och sambélle | V' TAFO1 / 25 March 2020
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Damped SDOF — Total solution

* Total solution = homogeneous + particular

— The homogencous solution vanishes with increasing time. After some time: #(? )=u,(t )

Total response

<

Particular response

u(t)/us

K

[F "]-cos(for—

@)

”romi(z:] = ”P(E) + ”.lv(t:] = B
AN I -[ﬂ
ol 2

i

(o)

N

)

n
— Wt .
+e 2 (Bysin(w,)+ B, cos(a,r))

M. Barbagallo, D. Bard / 1jud i byggnad och sambélle | V' TAFO1 / 25 March 2020
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SDOF — Driving trequencies

e LEx: .
— Without damping ; 8!
) . 4o
— With damping i
-1l
-2 E 10 i Z0 25
time
odifica by Do sl 1997
* Same natural frequency =1 ‘I “““““ I “““““ I “““

* Different driving frequency

f,=0.4, f,=1.01, f,=1.6

W < @, W = W, @ > W), LUND

UNIVERSITY
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SDOF — Low frequency excitation ( ® < @, )

* The spring dominates (increase stiffness to reduce motion)

— Force and displacement in phase

UNIVERSITY
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SDOF — Excitation at resonance freq. (w = @, )

* Damping dominates (increase damping to reduce motion)f o1
— Phase difference = 90° or 7 S
* If no (or little) damping is present: - [ ______

— 'The system collapses

[ | 2 W [ |

R O e
< , <
< < <
.

LUND

UNIVERSITY
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SDOF — High frequency excitation ( ® >w), )

e The mass dominates (increase mass to reduce motion) f;=1.6

* Force and displacement in counter phase:

- Phase difference = 180° or 7

7N

L )«W

an 40 Hi 1] il

2 &

S Thne
ST
LEETIS-

- UNIVERSITY
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SDOF — Driving trequencies

* Same driving frequency, different natural frequencies

e That is, different stiffness and/or mass.

Driving f = 1.001 Hz

a1?2®, Danial k. Eussgll

f, =16 f,=1 f, =0.63

LUND

UNIVERSITY
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SDOF — Complex representation (Freq. domain)

* Fuler’s formula: €'® = cos(¢) + isin(e) F(t) = F,-cos(wt)
* Then: F(t)=Fgiy cos(wt) = Re[Fdriveimt] M l "o
u(t)=u, cos(wt — @) = Re[ue'®e!®t| = Re[ii(w)el®t]
e Differenciating: u(t) = Reliw - i(w)e!®t] . ®
ii(t) = Re[—w? - li(w)e!®!] LS

e Substituting in the EOM: Mii(t) + Ru(t) + Ku(t) = Fgrjycos(wt)

l NOTE: Differential equation became
NOTE: This is the particular solution second order eqyation with time-
in complex form for a damped SDOF l:"driv harmonic ansats!

system. In Acoustics, most of the U(U)) =

times, we are interested in the
particular solution, which is the one

K — Mw?) + Riw

not vanishing as time goes by.

If the system is excited with @,°=K/M
- Resonance (dominated by damping)

UNIVERSITY
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SDOF — Frequency response function

i(w) 1
Fariv (K— Mw?2) + Riw
* Kvoten ar ett komplext tal och heter 6verforingsfunktion

e  Output / Input

M=1, R=10, K=10°, f,=50.33

107
Amplitud [m/N]

10"t

10°}

10 : :

0 1 2 3

10 10 10 10
frekvens [Hz]

0[ . ey
Fas [rad]

10 . 10 10 10

F(t) = Fyp-cos(ot)

l

w | L

S S

LUND

UNIVERSITY
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SDOF — Frequency response functions (FRF)

* In general, FRF = transfer function, i.e.: Si(w) _ output

H.. — —
(@) §i(w)  input

— Contains system information ..

o Input Output | /q\
— Independent of outer conditions N L — TR
— Frequency domain relationship between input and output of a linear

time-invariant system

* Different FRFs can be obtained depending on the measured quantity

Measured quantity FRF
Acceleration (a) Accelerance = Ny () = a/F Dynamic Mass = My ,(w) = F/a
Velocity (v) Mobility/admitance = Y(w) = v/F Impedance = Z(w) = F/v
Displacement (u) Receptance/compliance = Cy,,(w)= Dynamic stiffness = Ky,,(w) = F/u
w/E

: |
i(w) 1

Fariv(w) (K= Mw?) + Riw

Cdyn (w) =

Kayn(®) = Cqyn(w)™" = =Mw? + Riw + K
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SDOF — Frequency response functions (FRF)

Displacement Velocity

Compliance Mobility Accelerance
-l:-; f Displacement E Velocity E . tion
Q_ f Force f Force )F Eorce
C
S~
+—
=4 |
o I
=B |
(O | &

L Ll ol
Frequency Frequency Frequency
Dynamic Stiffness Mechanical Impedance Dynamic Mass
f Force £ Force £
X Displacement v Velocity a

Input/Output

Force/Velocity

K/ TN
w2

| Lo
Frequency

1 PR s
Frequency Frequency

Source: https://community.plm.automation.siemens.com/t5/ Testing-Knowledge-Base / The-FRF-and-its-Many-Forms X '
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SDOF — Linear dynamic response to harmonic excitation

5
-1
—+C=0.6
4 %02 |
=£20.15
5 <7=0.01
ER [
= 3]
= =
g,
;‘
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Helmholtz resonator

Larger opening gives
v A
f —_—— A higher frequency since
27 VI air can rush in and out
faster.
N .
| f (Area of opening port)
resonance & [ygume Length of
of cavity || opening port
Larger volume gives
lower frequency since Longer neck gives
more air must move lower frequency since
out to relieve a given there is more resistance
pressure excess. to air moving in and out.

Source: hyperphysics

https://youtu.be/VAYySXYgbc8M
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https://youtu.be/VAySXYqbc8M

Helmholtz resonator

Normal-
tryck

kolv

Aﬁ/dwl f= ]2
massa Y, LV
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Helmholtz resonator (111)

Dar rérelsen ar som storst.

hals

kolv

Perforerad absorbent.

w_- Exempelvis filt
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Helmholtz resonator (IV)

LN
AN
PN

|
l
|

AEEHRRRESRANNNRR |
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FRF of a complex system

e What happens if we evaluate
FRF of a complex (linear)
system such as a plate?

*  We gain useful info on it!

S;(w) output

Hij(w) =

§5j(w) ~ input

Blackbox I\

Response

Ikl I Stimulus

Frequency Response Function (FRF)

Structure

Response

Resonant Frequencies

Forcev ;
-EQ i
m»ﬁ i
R |
il
-y .
100 | | | = ;
0 250 500 750 1000 b i
He -180] |
20 100 200 300 400 500 600 700 600

Hz

Source: https://community.sw.siemens.com/s/article/what-is-a-frequency-response-function-frf
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FRF of a complex system

5;(w) output

* FRFs are complex B
Hij(w) = §j(w) ~ input

* Amplitude/Phase

* Real / imaginary part ‘J[ Inout M outout | j\\

a0

Structure

Response

i}

. Forcev ‘Ef_ | | | | | |

muﬁ : E_ 5

-180F | | | | | | “13f | | | | | |

N "7“_ i0 100 200 30D 400 500 &00 THD 80D 10 100 200 200 400 500 800 T0O 200
& - e

- -

™ I M =—-R+iwgp =iwg; 1 = =R —iwp ; wg = |w§ — R“.

Source: https://community.sw.siemens.com/s/article/what-is-a-frequency-response-function-frf
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FRF of a complex system

* Real and imaginary parts — the imaginary part has interesting information

¥

20

Imaginary Portion of Six FRFs

=1

plate:1+Z
— plate3+Z
— plate:7 +Z

00—
— plate 9:+Z
plate13:+Z
— plate 15:+Z Made 4: 5321948 Hz, .05 % AMPS
20 [532Ha] | | | |
500 600 700 800 a00 1000
Hz

Source: https://community.sw.siemens.com/s/article/what-is-a-frequency-response-function-frf
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FRF of a complex system

* FEach peak 1s showing a natural frequency

* Each peak 1s a mass-spring-damper SDOF system?!

Frequency Response Function (FRF)

18— Resonant Frequencies

20 100 200 300 400 500 600 700 800
Hz

Source: https://community.sw.siemens.com/s/article/what-is-a-frequency-response-function-frf
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Thank you for your attention!

mathias.barbagallo(@construction.lth.se
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