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Recap from previous lecture 2

* Equations of motion of
— Single-degree-of-freedom systems (SDOF)
» Damped
» Undamped
— Multi-degrees-of-freedom systems (MDOF)
* Concepts of
— Eigenfrequency / Eigenmodes
— Resonances

— Frequency response functions (FRFs)

UNIVERSITY



Reminder: Linear systems

» What effect does an input signal have on an output signal?

» What effect does a force on a body have on its velocity?

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

Input signal Signal transformation Output signal

\/\/ — | LTISystem |—» \/\/

UNIVERSITY



Equations of Motions of a mass-spring system (SDOF)

K

S

l u(?)

Forces in the system:
* Newton’s law: MX
*  Hooke’slaw: —Kx
Forces shall balance each other:
c Mx=-Kx
* MX+Kx=0
We got equations of motions (EOM) of the system!

x(t) = aett

K K
A =i|==iwg; ) = —1 |— =—iw,.

x(t) = ael®ot + pe~19ol-Asin(wyt) + Bcos(wyt).

© T 2
%, 67O
NI 11.‘,‘1 >
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Free vibrations with damping

wo| ¢

K R

u(t)

STT77.

SIS

¢ /11=—R+i(1)R=i(1)0;/12=—R—i(1)R;(DR=\/(1)(2)—R2.

o x(t) = ae RtHIORt 4 pe~RI-I0rRt — [Asin(wpt) + Beos(wpt)] e R
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Damped SDOF — EOM

* Mass-spring-damper system (e.g. a floor)
F(t) = Fgy,-cos(wt)

lf@ @ @ @
+ + =
T'—..—' CQCCaCC

u(t) k Il ¢ Inertial Damping Elastic Applied

force force force force

— u(t) obtained by solving the PDE together with the initial conditions

»  Solution = Homogeneous + Particular
(e) =y )+ (1)

F (2) = Fp-cos(wt) F()=0

NOTE: Damping is the energy dissipation of a vibrating system

UNIVERSITY



Damped SDOF — Total solution

* Total solution = homogeneous + particular
— The homogeneous solution vanishes with increasing time. After some time: u(# )~u,(t)

_ Total response

<

Particular response

Total response of a damped system subjected to a harmonic force,

‘Qwo . .
u,,, 1) =le ? t(Bl sin(w,t) + B, cos(a)dt)) +|D1 sin(awt) + D, cos(wt)

Homogeneous Particular

w, = wy\1-&*

UNIVERSITY



SDOF — Complex representation (Freq. domain)

e Eulers formula: e!® = cos(¢) + isin(¢) F(O) = By -cos(@t)
* Then: F(t)deriv COS((Dt) - Re[FdriVeiwt] Y ‘L u(t)
u(t):uo Cos(wt — (p) — Re[uei@ei(»t] — Re[ﬁ(w)eiwt]
* Differenciating:  u(t) = Re|iw - fi(w)e®t] K R
i1(t) = Re[—w? - i(w)el®!] S

e Substitutingin the EOM: Mii(t) + Ru(t) + Ku(t) = Fg,j,cos(wt)

l NOTE: Differential equation became
NOTE: This is the particular solution second order eql‘lation with time-
in complex form for a damped SDOF Fariv harmonic ansats!

system. In Acoustics, most of the U((D) > K — sz) + Riw
times, we are interested in the
particular solution, which is the one

not vanishing as time goes by.

If the system is excited with w?=K/M >
Resonance (dominated by damping)

UNIVERSITY



SDOF — Frequency response function

Output / 1 u() !
. utput / Input = : “F,..
* The ratio is a complex number => transfer function M
» M=1, R=10, K=10°, f,=50.33
107 — ; K R
Amplitud [m/N]
-4
10 ST
10°F
-8
10 5 i " a2 a2 a4 PR A i i R ST Y
10° 10" 10° 10°
frekvens [Hz]
O C :‘::’:::Tf:::wf:
Fas [rad] % § %
AF <
..2 o
"3 . N NP | N |
10° _ 10' 10° 10°

frekvens [Hz]

&, 6

1666 2
’U.-)A,-l;\,“'\
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SDOF — Frequency response functions (FRF)

* In general, FRF = transfer function, i.e.:

_ Si(w) _ output
B Si(w) ~ input

Contains system information Hyj(w)
Independent of outer conditions

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, (w) = a/F Dynamic Mass = M, (w) = F/a
Velocity (v) Mobility/admitance = Y(w) = v/F Impedance = Z(w) = F/v
Displacement (u)  |Receptance/compliance = C;,,,(w)= u/F Dynamic stiffness = Kyyn(w) = F/u
: |
u(w 1 :
Cayn(@) = Fdri(v(i)) ~ (K= Mw?) + Rio

Kgyn(®) = Cgypn(w)™ = —Mw? + Riw + K LUND
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FRF of a complex system

* What happens if we evaluate 5;(w) output
. Hi ((I)) = =
FRF of a complex (linear) J

B §j(w) "~ input

system such as a plate?

. . . Input Output . |
*  We gain useful info on it! kil Blackbox : [\
{ \“
I l‘l I 11 Stimulus Response

| Frequency Response Function (FRF) ‘

E=o o8- 29 :
: 1.8— Resonant Frequencies
> .

20 100 200 300 400 500 600 700 800

[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 (Phase ¢)

20

Imaginary Portion of Six FRFs

zZ (@)]

SE O
= plate:1:+Z
= plate:3:+Z

— plate 7 +Z

= plate 9:+Z
plate:13:+Z

= plate:15:+Z

20 [532H7 | | | |

500 600 700 800 900 1000
Hz

LUND
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FRF of a complex system

* Each peak is showing a natural frequency

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

* Modal superposition 2 _ /\f

—F— — —N— 21| el TR N
-‘g..*_.‘.
x fl
Frequency Response Function (FRF) 4
Frequency - Hz

8— Resonant Frequencies ,
: tFreq ¥, X, Do




Mode shapes — Example floor

Mode 2 Mode 3

U,
1401, 75

XY,
LS "\R{‘t\‘;‘\ .

% \““ﬂ%‘“@:‘. T ‘\“‘\ pem=_
05305 SR TR ASSER
ottt SIS o LT T LRSS
CO0PL <5 e OO esess
"'l""" \‘:““}e“““‘!"“ﬂ

= “ “ “ >
<S> S “““ =
Rt
LS

<5

SOCSACSRIS
:"::“:“:3“‘““\‘::\‘ 5
S
SN

Rastuet

= L "‘ B
oamSE gy SRR

_ S ,,;.;.«xgaiﬁ“\\\\“‘ L 2
R SO Se e ”‘3\““"‘" (\ i e =
SN STt $ \“ it

SO = ‘:;;;:““‘\ ““/’""‘“““.‘“‘

— ety
";::“::&{“‘“‘Iﬂ“ ||

NOTE: In floor vibrations, modes are superimposed on one another to [
give the overall response of the system. Fortunately it is generally sufficient §S8
to consider only the first 3 or 4 modes, since the higher modes are quickly 8
extinguished by damping.




Helmholtz resonator
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Outline

Introduction

Wave propagation in solid media

Wave propagation in fluids

Summary
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Learning outcomes

* Wave propagation in solid media
— Longitudinal/quasi-longitudinal waves
— Shear waves

— Bending waves

Wave equation solution

Wave propagation in fluids

Wave phenomena

Musical acoustics

UNIVERSITY



Waves

* A wave is a “disturbance”, an oscillation that moves energy from
one place to another.

* Only energy is transferred as a wave moves, not matter. The mass
just moves up and down, or back and forth.

* The wave moves through a substance, the medium. That medium
moves back and forth repeatedly, returning to its original position.
But the wave travels along the medium.

NN

© 2002, Dan Russell

[ https://www.acs.psu.edu/drussell/Demos/waves-intro/waves-intro.html |

Wave is a disturbance thattravels in space!
People jumps up and sits down. None is carried away with the wave.

LUND

UNIVERSITY



Types of waves — classification

Depending on propagation media

. . . o< S’ > K . o0 '... oo ..'.0 Do o, ° :" .

— Mechanical waves (solids and fluids) :-.; v d Tl 5 S0 gy VY “;3. i
. 4 ‘; ..:.° y’ .l‘.:% ~‘:'£.: Q X $ % ::5;: '.‘.. ?‘J.\”.'.‘t.o‘.

. : .‘.ff R R AR

— Electromagnetical waves (vacuum) TRAER L B e % T TR,
..::: 'JY“' "’f.-.s'-\'g ‘:,;E:?. . '. s‘:'t k] .?. -, ;J? ?:o';

. . . i rticl e etacion "
Propagation direction boce partee
— 1D, 2D and 3D RSN JESs. $ohs .

Based on periodicity .

. .y e Ot SRR SR AT O
— Periodic and non-periodic * i Ay A X1 < g

Based on particles’ movement in relation with propagation direction:
— Longitudinal waves (solids and fluids)

— Transverse waves (solids)

o |2
N z
~ )
=
4

LUND

More?

NOTE: waves do not transport mass, just energy

UNIVERSITY



Types of waves in solid media

* Longitudinal waves (00 medium »~ beams)

—  Quasi-longitudunal waves (finite ~ plates) Plate: E, G, p, v, h
2 2 E TTHT il T
L= [— SEHEHEEREHEEHHE N
0ux  pO7ux _ Loe CEE LA LI FE
0x2 E' 0t?
Cq = - B,
qL ot ,(’T"\\ e N
* Shear waves vai YT T <
0°uy p0iuy G E B G =
0x2 G 0t? ’ pJ2(1+v)p
Ty Pl BN Pt e NG
) /\\ v ] g »\\ \\ /-1 q (< Y \ /71~
* Bending waves (flexural, dispersive) ST LA ] I
// ;‘\- ',/ \L._ /,& ~
y bh3
641,1 azu +|B L m = ph Bbeam =E—-
B Y+ m Y =0 CB(w) = VO |— X 12 &
aX4 atz m 3 :
5 Eh A
lat = - 09 511y
NOTE: torsional waves (beams and columns) are not addressed here e 12(1—-v2) LUND

UNIVERSITY



Outline

Introduction

Wave propagation in solid media

Wave propagation in fluids

Summary
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More types of waves in solid media

Longitudinal waves
* Shear waves

e Torsional waves

* Bending waves
* Rayleigh waves

e Lamb waves

UNIVERSITY



Derivation of longitudinal wave equations (I)

*  No details provided - Only for educational reasons
*  General approach to derive equations of motion:
1. Newton’slaw — dynamic equilibrium

2. Constitutive relations — forces, stresses and strains

* Relations between two physical quantities in a material
a. Force — stress

b.  Stress — strain

3. Strain — displacement relation (definition)

T

LUND

UNIVERSITY



General form of a wave equation

azux_iazux
J0x2 c2 ot

=0

One dimension:

Three dimensions: c2V2%u — ii=0

8 f 8 f Of

Af=V’f=V.V Af=—=+—+—
! ! ! f 0xr2  Oy2 022

Laplacian

https://en.wikipedia.org/wiki/Laplace_operator

[t takes some physics reasoning and some math but we have an expression that we

can use with most wave types that are relevant in acoustics and vibrations!

Not however with the most important structural waves in acoustics, which is a bit

special!

\
S1L

LUND
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Waves in solid media

*  Now we can go through some kinds of waves in solid media!

LUND

UNIVERSITY



Longitudinal waves

P waves (primary waves in seismology

=
T et e S
BT
s e o

e e 1on
ey Y i A AT Y g oty
e e T e i e e
2 e 2
e R o e e 2 R e,
e S e e e
oy o o Y ey T
O e e P o 2
A L e
Rt

http://www.geo.mtu.edu/UPSeis/waves.html

LUND
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Longitudinal waves

* Longitudinal waves (00 medium »~ beams)

—  Quasi-longitudunal waves (finite ~ plates) Plate: E, G, p, v, h
2 2 E n P e E - P2 y : .:r"' TS _
Oux _ POk _ RN
0x? E' 0t? R d P S ik LR HE THPSS i L H
CqL =

¢ Longitudinal wave, is the one where the points in the wave medium oscillate in the direction of
propagation. So the medium is compressed, and the restoring force is given by pressure. An

example is a sound wave or a regular spring.

*  The opposite is a transverse wave where the points in the wave medium pivot perpendicular to the

direction of propagation. Examples: stringed instruments, the water in a pond and electromagnetic

radiation. )
L35

LUND
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Longitudinal waves

* Longitudinal waves (00 medium = beams)

—  Quasi-longitudunal waves (finite ~ plates) Plate: E, G, p, v, h

__________
At S EER T R Sehaa-

—  Poisson's ratio, the number or the transverse contraction. It is a

material constant showing how a material reacts to compressive and

P S S S S S
A SN S A A A AN
vs re —

tensile forces. When a material (blue) is stretched in one direction, it

A - v
'/‘//{(’

contracts in other directions (green).

~

— | |
CL — -
P | 7 $% 0 /////il ; 1 s Strain in direction of load
A P ///; : Strain at right angle to load

E ! : 1

C — —_— [
qL 5 7S 81azeral
L 8cm'a1




Shear waves

Shear waves / transverse waves

UNIVERSITY

LUND




Shear waves

e Shear waves Plate: E, G, p, v, h
Rl RN AT PN
0° u, pad 2 Uy o = G_ .
2 T A 2 = O Sh p 2(1 + U)p ,1"——-\‘\\ /’f -~‘\\ - “T [~
aX G a t /z \.\\.L_Jv/’ \\':\_E_,»:’/ \‘

Shear, or shear strain, is a deformation without volume change. It is defined as the angular
change created by the deformation.

\
S1L

Source: Wikipedia.se LLI ND

UNIVERSITY



Shear waves

S waves

LUND

UNIVERSITY



Torsional waves

e Torsional waves 270 with ep=,[——

UNIVERSITY



Bending waves

* Bending waves (free-free) — Bojvagor pé svenska

2 2 2
1 1 1
0 0 0
=1 =1 =1
-2 -2 -2
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

UNIVERSITY



Bending waves

. . . Plate: E, G, p, v, h
* Bending (or flexural) waves (dispersive) b

Ty AT el e NG
,/\\\ \‘ ’7\ r.-l"\: '\\ \“ 'll “,,\r-1 —1‘;(\ \ ’l /)y.
J*u 0%u +|B SR ) ! L[] /
B 4 + m Y — 0 CB(w) = VOO |72 LTTHY \ ‘:"’k“z'\"‘ | VT
) 2 m V » > 1 s
0x dt I / S i >
X bh3
m = ph Bbeam E 12
. . Eh3
* Planar section remain plane Bowe = T2 —07)

* Towards the middle line perpendicular cross-section remains perpendicular to
the middle line after deformation (that is, shear deformation is neglected).

* Differentform of wave equation!
* Happen when a transverse load is applied to a structure (beam, plate).
*  Examples?!

* Perhaps the most important structural wave in acoustics.

*  Next lecture F4 we will talk again about bending waves and explain why this is true.
Spoiler: bending waves radiate sound well.

LUND

UNIVERSITY




Bending waves

d*u d%u
y y _ +|B
B 6X4 + m atz =0 CB(w) = \/a E Accelerometer B
T Bem 1
:
g
136.5am
0 0.001 0.002 0.003 0.004 0.005
Time ()
* Force pulse is very clean at location B
Am|2
* DPulse disperses by the time it reaches location
27an .
A --- higher frequency waves travel faster and
1 arrive first --- lower frequency waves travel
slower and arrive later

https:/Iwww.acs.psu.edu/drussell/Demos/Dispersion/Flexural.html

UNIVERSITY




Coincidence

* Relation between different wavespeeds

3|

4
CB(w) = Vo

* Dispersion relations — frequency dependence of wave speed

1600

1400 | a
Supersoniskt omrade
1200 | b g

1000 | ]
¢r
[rI]/s] 800 - -4
600 | ]

400 | i

200

0 2000 2000 6000 8000 10000
) - Frekvens [Hz]

Figur 6-28 Fashastigheten for en cirkulidrcylindrisk stilbalk med diametern 5 cm. a) Enligt Bernoulli-Eulerteori,
b) enligt Timoshenkoteori. c) Fashastigheten for en kompressionsvag i luft. Den frekvens dar bojvag-
ens fashastighet ér lika med ljudhastigheten i det omgivande mediet kallas koincidensfrekvens.

LUND
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Summary - Types of waves in solid media

* Longitudinal waves (00 medium »~ beams)

—  Quasi-longitudunal waves (finite ~ plates) Plate: E, G, p, v, h
E P el ] T e .i. v
0°uy _ pO°uy _ “=
x> E or S EIHHRES S SEHES N SEHEE

__________
R PSS LT R Sehaa-

qL et 7T . PN
e Shear waves SN TIF <
0*uy, pocuy AN RN ~
> " a2 =V Csh =
15):¢ G 0t
'r"‘.——— ~\7\ /('—1\\ > ‘(" ~~7‘~ <
y /\\ \ <] r »\\\ \\ AN -]« '(\ \ /71~
* Bending waves (dispersive) STV T VR
v alb J\ ,” ‘- N~ T T | ‘\ -)”h. \1\.
// L ',/ \L._ /,& o
o*u d0%u +|B Iy bh3
B y+m Y — 0 CB(w) = VW |— m=ph Bpeam = E——-
ox* dt? m X 12
_ Eh?
 Torsional waves B s

late — 7971 _ 112 1
P 12(1—v?) LUND
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Solution to the wave equation

azux_iazux
dx2 c? Ot?

=0

One dimension:

* What is the simplest shape of a sound wave?
— An harmonic shape of sinusoidal shape
»u=Asina(x — ct); u = Acosa(x — ct)

— It follows that u = AeT@(*=¢t) s also a solution.

—Asu=Alna(x —ct);oru = A\/a(x — ct), which are not
oscillatory.

* It turns out that any function of the form u = f(x — ct) is solution.
* No assumption is made on f — except on its argument.

— What does that imply?

UNIVERSITY



Solution to the wave equation

02U, _iazux
dx2 c? Ot?

=0

One dimension:

* A wave is translated, unchanged in shape, along x (space)
* A given point on a wave is translated unchanged with speed c.

* This operation defines propagation!

u

uk 2er 2ct+]1 X
1=r/|
u T cr+ 1 X
l ________
=0

B

Figure 1.1 Sketches showing the waveform in space when the solution is a section of a
ramp function.

[ Blackstock, Fundamentals of physical acoustics ]
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Solution to the wave equation

* Check p.25 of the compendium

Vi kan ténka oss tvad personer som skakar en matta, vi kallar dem A och B. Vi tinker oss vidare att B haller sin kant stilla
medan A gor en plotslig rorelse uppat vid sin kant. Resten av mattan vill nu f6lja med i denna rorelse, med borjan med de
punkter pd mattan som dr ndrmast A. Rorelsen fortsitter sedan att sprida sig med en konstant hastighet tills den ndr B. Om A
fortsétter att skaka sin ande upp och ned, och provar olika takt i skakandet, olika frekvens, s kommer de finna att om man
skakar snabbt s& blir ”pulsen”, eller vaglingden, kort och om man skakar ldngsamt sa blir vdglangden lang. Men oavsett
vilken frekvens de skakar med s& kommer spridningshastigheten att vara densamma. Med andra ord, handelsen att “rora sig
uppat” sprider sig langs mattan med en viss hastighet som vi kan kalla ¢, vagutbredningshastighet. Det kénns naturligt att ¢
beror pa mattans vikt och hur hart A och B drar i mattan, hur stor spinningen 4r. Ar massan stor, tung matta, transporteras
vagen langsamt. Ar spiAnningen stor gar vigen snabbt. Den initiala forskjutningen kommer att repeteras vid en punkt beldgen
en strickax fran A, och detta skerefter x/c sekunder, det vill sdga den tid det tar for vagen att utbreda sig strackan x.

Det ar viktigt att inse att ingen massa transporteras av vagen, vad som transporteras dr endast mojligheten till rorelse. Massan
1 mattan ror sig endast upp och sedan nerigen. o7

I exemplet med mattan ovan var forskjutningenuppitmedan vagutbredningen gdrmellan Aoch B,

LUND
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Solution to the wave equation

0%uU, 1 0%u,

ez oz =0

One dimension:

* It turns out that any function of the form u = f(x — ct) is solution.

* Prove it

e Lead:
u(x,t)=u (t-x/c)=
9 1, Fu 1 ,
Eo_Zu-xle) 3 == u(t-x/c)
0x C 0x C
u Fu
8—1;=u+(t—x/c) ; 873=u+(t—x/c)

LUND
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What is a wave then?

* A disturbance or deviation froma pre-existing condition. Its motion
constitutes a transfer of information from one point in space to another.

* Time plays a key role — static displacement of a rubber band is a
disturbance but nota wave.

— Wave travels at finite speed (hitting a perfectly rigid rod making the
rod movingas a unit is no wave, just rigid body motion)

— The rod is elastic, the impulse travels from one end to the other.

e All mechanical waves travel in a material medium

* Many waves satisfy ¢?V?u — 1i=0 — but not all!

UNIVERSITY



Wave equation solution

* Most general solution is forward and backward travelling wave.

e d’Alambert’s solution

Y Y

/) . y=f /) -

- §
\ Space Time \
/ T~ Qion Propagation speed ' / [ —
y=f(x+v-1) y=flx=v-1)
- L] —— X
N kx + wt

y=f(XiEt)=f( - >=f(kXJ_root)

 Alternative forms:

UNIVERSITY



Wave equation solution

Travelling waves — d’Alambert’s solution:

UNIVERSITY



Wave equation solution

Time and position dependency: u(xt) = @5 cos(wt — kx) = ay e @)

Time behavior at x=10.25 Snapshot of wave at t=27s
T T S T il R R B I I L I

4r § al
2f 2f
ER: E:
2 O 2 O
e | g |
-2t -2}
-4 -af

0 10 20 30 40 50 0 5 10 15 20 25 30

time position Lu N D
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Wave equation solution (II)

[Still frame] Time and position: u(x,t) = @5 cos(wt — kx) = ay e~ @)

Time behavior at x=10.25 Snapshot of wave at t=27s

........................

o

(8]

amplitude
=)

...............................

posiion LUND
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Bending waves — reprise

* Back to bending waves to say two things:

*  One about solution to bending waves
Plate: E, G, p,v, h

*  One about waves in general e - .
1 NN el AN ol
/A\ | 7 — 1/\: ‘\\ 1' r\r | ’(" .“\ 7*
. . . \ B = /
* Bending waves (dispersive) VAT W kA
y LTk RactEREN S and
, V4 e _‘,/ ~ 4'\__ ’,/’ *
Lx bh3
d*u 9%u 1B _ g2
B y+ y =0 CB(Q)) =V [— m = ph Bbeam = E 12
2 TM—5 m
0x ot Eh3
B

plate = 12(1 —UZ)

* Different form of wave equation!

LUND
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Bending waves - solution

Due to the different form of equations with four-times spatial derivatives, the
solution is more complex solutions including rear-field terms

lwt

Eont) =Ce @0 E(x, 1) = (Ae"* + Be ™ + Ce™* + De™ " )e™,

Why near field!?

*  Because they decay rather quickly away from the boundary or load point!

UNIVERSITY



Bending waves - solution

*  More complex solutions including near-field terms

Lnt) =L@ E(x, 1) = (A" +Be * +Ce"* + De " )e™,

Near ficld

s ol NN !

—>

a)

Bending wave.

0 . ek et ~i_

Figure 6-23 Solutions to the bending wave equation near the end of abeam. a) The near field is characterized by
an amplitude that decays exponentially with distance from the excitation point. A reasonable engineering
approximation would be to ignore the near field at distances greater than 1/3 of the bending wavelength. The
near field is significant near boundaries, force application points, and other discontinuities. b) The bending wave
can, if the losses are small, spread over large distances.

[Sound and Vibration, Wallin, Carlsson, Abom, Bodén, Glav. ] i
LUND
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Propagating waves VS Evanescent waves

* Waves may thus propagate or not propagate!

* Evanescent waves: decaying exponentially in one direction

.......

20

y direction 10 y direction

x direction x direction

00 0o

00

[ https://www.acs.psu.edu/drussell/Demos/EvanescentWaves/EvanescentWaves.html ]
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Other types of waves...

* In reality, combinations of aforementioned waves can exist, e.g.

©2011, Dan Russell

e Surface waves

Water waves

(long+transverse waves)

Particles in clockwise circles. The radius of the
circles decreases increasing depth

Pure shear waves don’t exist in fluids

©2011, Dan Russell

* Body waves

Rayleigh waves

(long+transverse waves)

Particles in elliptical paths. Ellipses width
decreases with increasing depth

Change from depth>1/5 of A
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Boundary and initial conditions

* A structure can be mathematically described by

* Equations of motion
* Boundary conditions (in space)

* Initial conditions (in time — irrelevant if harmonic motion et is assumed)

* Boundary-value problem

* Examples in calculations for FEM (Finite Element Modeling)
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Boundary conditions (beam in bending)

Structures and the waves in them behave differently depending on boundary

conditions — i.e. How structures are connected at their ends

Free-free

Clamped-
clamped

Clamped-free

Simply
supported both

ends
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Summary

e Wave propagation in solid media
* Solution to wave equation

*  What is a wave?

* LEvanescent waves

* Boundary conditions determine shape of a wave
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Thank you for your attention!

nikolas.vardaxis@construction.th.se
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