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MATHEMATICAL PREREQUISITES

In analytical solution method, solution trial is used to transform a partial differential
differentia equation into an ordinary differential equation, another solution trial is used to
transform the ordinary differential equation into an algebraic equation etc.

Equation Solution trial Outcome
2 2 _ 2
k’a—g—m’a—fzo a(x,t) = A(x)e' k’d—2A+ mw“A=0
OX ot dx
2 .
k’CCII—ZAJr mw“A=0 A(x) = ae'* 2K +m'w® =0
X

!

a(x,t) =Y (asinwjt+ fcosw;t)(5sinAjx+ycosijx) where A;=w; %
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CONTINUUM MODEL

Continuum model is concerned with the average behavior of particles in a material element.
The element is assumed to be small compared with the scale L of the body and large
compared with the scale & of the microstructure of the material.
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Continuum model compromises modelling error with simplicity by assuming a scale
& < h< L on which, e.g., material properties can be described by densities like mass per
unit volume p=Am/ AV (mass density).
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TRACTION AND STRESS

Traction & = AF / AA (a vector) describes the surface force between material elements of a
body. Stress & describes the surface forces acting on all edges of a material element.
Traction and stress are related by ¢ =i -& in which i is the outward unit normal vector to
face of the material element.

\Gz

The first index of a stress component refers to the direction of the surface normal and the

second that of the force component. On opposite edges components directions are opposite.
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Traction and stress describe the internal forces. i.e., the interaction of the neighboring
material elements. The white particles, belonging to certain material element, impose

forces of resultant AF to black particles of the neighboring element through area element
AA.
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The ratio of AF to area AA is assumed to be constant &, if the material element is small
compared with the scale L of the body and large compared with the scale & of the
microstructure of the material so AF = GAA. Theory assumes that the relationship holds
also in form dF = 5dA no matter the scale.
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DISPLACEMENT

In continuum mechanics with solids, the motion of particle (X,Yy,z) is described by
displacement components u(Xx,Yy,z,t), v(X,y,z,t), w(x,v,zt) in the directions of the
coordinate axes relative to the initial position (x,y,z) att =0.

rrx\ (X\ fu(X’ y’z’t)\
Non-stationary <r, r=1yp+qV(X,y,2,t) ¢ T
r, z]  (W(XY,z,t)]
(rX\ (X\ KU(X, y’ Z)\ ............
Stationary < ry r=1Y(+9 v(X,Y,2) ¢ N
2] L2 “W(X’ y,z)) (X,_V,Z)P °

In stationary case, one considers only the initial and the final positions of the particles. In
non-stationary case, the final position depends on parameter t (time).
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FIRST PRINCIPLES

| Balance of mass Mass of a body is constant.

I Balance of linear momentum The rate of change of linear momentum within a material
volume equals the external force resultant acting on the material volume. €

11 Balance of angular momentum The rate of change of angular momentum within a
material volume equals the external moment resultant acting on the material volume. €

I\VV Balance of energy (Thermodynamics 1)

V Entropy growth (Thermodynamics 2)

The first principles apply in these simple forms to a closed set of particles, I.e., a set which
consist of the same particles all the time.
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2.1 ENGINEERINGS MODELS

BAR is a body which is thin in two dimensions and has straight initial geometry.
Displacement has only the axial component. Internal force is aligned with the axis.

STRING is a body which is thin in two dimensions and has straight initial geometry.
Displacement has only the transverse component. Internal force is aligned with the axis
(initial and deformed geometries).

THIN SLAB is a body which is thin in one dimension and has planar initial geometry.
Displacement has only the mid-plane components. Internal force does not have transverse
component.

MEMBRANE is a body which is very thin in one dimension and has planar initial
geometry. Displacement has only the transverse component. Internal force does not have
transverse component (initial and deformed geometries).
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BAR MODEL

: : 0°u 0°u
Equation of motion EA—+pAg=pA— X elo,L[ t>0,
OX ot
Boundary conditions u=u or EAZ—u =F xe{0,L} t>0,
X
Initial conditions u=g(x) and aa—l: =h(x) xe[0,L] t=0.
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Let us apply the first principles to a material element of initial length Ax at the initial
and final geometries.

X+ Ax+u+Au X+ Ax+u+Au

The cases where the material element is inside the bar and located at the free boundary
differ.

Mass balance: Am=(pA)°Ax = (pA)(AX+ Au)
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2
Momentum balance — : N+AN —N +gAm = Ama—;J
ot
_ o°u
Momentum balance - : F—-N+gAm= Am—-
ot

The limit model assumes that AN /Ax exists also when AXx—0. In case of a
discontinuity, like a point force P at Xy, one obtains the “jump” condition |[N ]]+ P=0
where [a]|=lim,_,g[a(xy + &) —a(Xy - &)]
Hooke’s law: o=E-Y — N=gA2Y

AX AX
relates the length change and force acting on a material element. Material model is the
weakest element of the model as it lacks the generality of the first principles and brings
the major portion of the modelling error!
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BOUNDARY CONDITIONS

0(0,1) = EA-Zu(L.t)— F(t) = 0
OX

000 = EAZuL ) +mu(L)=0  u(0,t) = EALu(L t)+ku(L,t) =0
OX ot? OX
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EXAMPLE Derive the boundary condition for the case shown starting from the first
principles. The particle at the right end is connected to rigid wall with a spring. Spring force
vanishes when displacement at the end u(L,t) =0.

2

Answer EAa—u+ku—mg+ma—u:O Xx=L t>0
OX ot2
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Let us apply the balance of momentum to a material element using the free body

diagrams of the bar element and particle

gAm

" ik h
L AX J
82U o°u

—N + pAgAX+ F = pAAX—-, —-F-T+mg-= m—s-
ot ot

Eliminating the internal force F, using N = EAdu/ox and T =ku, and considering ja
the limit Ax - 0

2

A huimg—m@Y -0 x=L t>0. €
OX ot
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STRING MODEL

S
\_j F

Equation of motion Sa—\;VerAg = pAa—\zN xe]o,L[ t>0
OX ot

Boundary conditions w=w or S;ﬂ—ﬁzo xe{O,L} t>0
X

Initial conditions w=g(x) and %zh(x) xelo,L[ t=0
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Let us apply principles I and 11 to an originally straight material element [x, x + Ax] of
Initial length Ax by assuming a planar problem and only the transverse displacement
w(Xx,t).

Ffl.\.--l 4§ F%‘}l_w ___________
S H‘H w+ Aw q H‘H w+ Aw

f o f (o1

- Ax > iF-I—AF - Ax > iE

Mass balance: Am = AXx(pA)° = (pA)AX\/1+ (Aw/ Ax)2
Momentum balance - : S+AS-S=0
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2
Momentum balance 4 : F+AF —F + f°Ax = (,OA)OAX’a \2N
ot

2
Momentum balance | : —F —F + f°Ax = (,OA)OAXa \zN
ot

The constitutive equations is also required. The momentum balance in the horizontal
direction implies that tightening S of string is constant. Therefore, according to the
figure

2 2
Eza_w = F=S@ and F AR :aW+8 WAX = F+AF=S(8W+a WAX)
S X OX S OX  ox2 OX  ox2

The second order limit problem Ax — 0 assumes continuous derivatives at all the points
Inside the domain. In case of a vertical point force P acting on the string, the limit
equation for the point of action becomes [F ]+ P =0.
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BOUNDARY-INITIAL VALUE PROBLEM

In their mathematical forms, the continuum models for string and bar coincide. Denoting
the displacement by a(x,t), the boundary-initial value problems are given by equations

2 2
Differential equation: k’a—:1+f’=m’a—:l xeQQ t>0
OX ot

Boundary conditions: a=a or n(k’?)—Ezo XxeoQ) t>0
X
Initial conditions: a=g(x) and %:h(x) xeQQ t=0

In a boundary condition, one may specify displacement or force but not both simultaneously.
For a unigue solution in stationary case, the displacement needs to be specified at least one
point. In the force boundary condition, n = +1 depending on the boundary point.
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2.2 DISPLACEMENT ANALYSIS

In the displacement problem, one assumed that all quantities are independent in time so
derivatives with respect to time vanish and partial derivatives with respct to the spatiol
coordinate become ordinary one. Assuming that point forces, if any, act on |

2
Differential equation k’ﬁ+f'=0 XeQ\l

dx?
%

N+P:O and [a]]=0 xel
dx

Continuity conditions k’U

Boundary conditions a=a or n(k’?)—ﬁzo X € 0Q)
X

At the boundary, one may specify the force or displacement but not both. Also, displacement
should be specified at one point for an unigue solution.
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EXAMPLE A string of length L, tightening S, cross-sectional area A, and density p, Is
loaded by a point force P at its center point. If the ands are fixed and the initial geometry
without loading is straight, find the solution to the transverse displacement as function of x
using the continuum model.

|

0,5, A

Answer Ww(Xx) =+
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The boundary value problem is given by equilibrium equations for the interior points,
continuity conditions at the center point, and boundary conditions for the end points

sd—W—o xE]o—[ or xE]— L[,
dx?

Sﬂi\;VHJFP 0, [w]=0 x_% and w(x)=0 xe{0,L}.

The generic solution to the differential equation is the same form w = a + bx in both parts
of the domain with different integration constants. Using the remaining conditions

( (

8y + by X O<x<L %x O£x<%
W(X) = 2 = W(X) =+ . €
L P L
a,+hb,x —<x<L —(L-x) —<x<L
\ 2 L 28 2
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DISPLACEMENT SOLUTION

Displacement calculation with the bar or string model means solving a boundary value
problem of ordinary linear second order differential equation. In the present context,
coefficient are constants so finding the displacement is straightforward.

(a) Find the generic solution to the differential equation by repetitive integrations on both
sides. Each integration creates a new integration constant. In case of point forces etc.
apply the integration separately in subdomains.

(b) Use the boundary conditions conerning given displacement and forces on the boundaries
to find the values of two integration constants. In case of point forces etc. glue the
solutions to the subdomains together with continuity of displacement and the condition
Implied by momentum equilibrium written for, e.g., the point of action of a point force.
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2.3 VIBRATION ANALYSIS

The equations describing vibration consist of equation of motion, boundary conditions for
displacement or force, and initial conditions for the displacement and velocity

2 2
Equation of motion k’a—2+ f'= m’a—s xeQQ t>0

OX ot

0

YY_F=0xedQ t>0

Boundary conditions a=a or n(k’a—
X

Initial conditions a=g(x) and %:h(x) XeQ t=0

Initial and boundary conditions for displacement should match for a regular solution of a
vibration problem (but not always, like when a bar moving with a constant velocity hits a
rigid wall). In vibration problems, the boundary conditions are homogeneous so a=F =0.
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PYTHAGORAS' DISCOVERY

According to the experiments by Pythagoras, pitch of a note f depends on the length of
string L, stress o and density p of material!

String model  fip, = 21L / SA = 21L g
P P
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VIBRATION MODES OF STRING

Displacement of string in vibration can be represented as sum of harmonic modes each
vibrating in its own frequency f [1/s]. For astring of fixed ends, the frequency-mode pairs
are (dimensionless value Lf //S/ pA)

05 100001 1.50005

/NN
NVAR\VERV/

00 02 04 06 08 10 00 02 04 O6 08 10 00 02 04 06 08 1.0

AN AN AAN
VAVAVAVAVATATAY

00 02 04 06 08 10 00 02 04 0O6 08 10 00 02 04 06 08 1.0
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MODAL ANALYSIS

In vibration analysis of structures, one is usually interested in the frequencies f (o=2xf
) or angular velocity-mode pairs (o, A) for the free vibrations. Using the generic form valid
for the bar and string models, the modes and angular velocities are related by

(@) A(x)=0osIn(Ax)+ycos(AxX) and A= a)\/g

The (assumedly homogeneous) boundary conditions at the ends

(b) A(x)=0 or n(k’j—A)zo X € 0Q)
X

give 2 conditions for the 3 parameters &, y, 4 and, thereby, the possible pairs (@, A);j.
Notice that the modes are determined up to an arbitrary scaling only (3 parameters and 2
equations).
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In mode detail, the possible angular velocity-mode pairs (o,A) follow from
displacement assumption a(x,t):A(x)e""t which transforms the partial differential
equation into an ordinary one. Using the generic form for both model problems, the steps

to the generic form of the modes

,aza ,aza d?A 2 k'
kaX_ZZmat_Z — d7+0) WA:O

The generic solution to the angular velocity-mode pairs (@, A) is therefore given by

A(X) = osin(AX) + ycos(Ax) where A= % €
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EXAMPLE What is relative error if the smallest frequency of the free vibrations f, is
calculated with a particle surrogate model of the figure ( f,,;,,), where the mass of the particle
Is half of that of the string?

o, A LS

~—y -
-—y -
o - w—

f 242

Answer e=-—min_ Frmin x100% = (—— —1) x100% ~ —10%
T

min
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Let us start with the continuum model considered as the precise model. In string
equations, k'=S, m'=pA, and a=w(x,t). External force and displacement at the

boundaries vanish and © =]0, L[. The possible angular velocity-mode pairs follow from

the generic solution

A(X) =osin(AX) +ycos(Ax) and A= a)m

Boundary conditions A(0) = A(L) =0 give 2 conditions for the 3 parameters y, 6, 4
A(0)=y=0 and A(L)=osin(AL).

A non-zero solution is possible only if sin(AL)=0so AL =7 je{l,2,...}. The smallest
angular velocity, and therefore the frequency, follows with selection j=1 so

a).
27 L\ pAZ2 LY\ pA 2
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Particle surrogate model for string with i ={0,1, 2} and fixed particles at the end points
gives the equation of motion:

2 2
2§W1+pAhd—V2V1:O = d V2V1+a)§W1:O where wo=2zf = |2 > 5
h dt dt pAn
As h=L/2, the prediction by PSM f i = V2 ['s . €&
7L\ pA

2-30



MODE SUPERPOSITION

If the initial conditions concerning position and displacement of the particles are known
(quite exceptional case in practice), the outcome of the modal analysis (@, A) j can be used
to construct a displacement solution for the given initial data starting with the series

(a) a(x,t):z Aj (%) %sin(a)jt)+ﬂj cos(w;t)].
J

The combination of the modes giving a=g(x) and da/ot=h(x) att=0 follow with the
coefficient expression

1 1
(b) «; :EJQ Aj(x)hdx and f; :EJQ Aj(x)gdx where A? :IQ A (x)A;j (x)dx.
J J

The coefficients correspond to the spatial Fourier series of the initial data obtained with the
orthogonal harmonic modes from the modal analysis.
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The series representation follows directly from the displacement assumption written
with the polar representation e'* = cosa +icosa and real valued coefficients

a(x,t):z A; (x)eimjt :Z A; (x)[ajwisin(a)jt)+,8j cos(w;t)].

J

Initial conditions imply that > A;(x)8; =g(x) and >  A;j(x)aj = g(x). Multiplying
both sides with A (X), integrating over the domain, and using the orthogonality gives

a; :Aiﬁjﬂ A (Oh(x)dx, B; :Aiﬁjﬂ A; (x)g(x)dx, Aﬁ:jﬂ Aj () A; (X)dx. €
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FOURIER SERIES

The Fourier series (various forms exist) can be used to represent a function as the sum of
harmonic terms. For example, the sine-transformation pair for a function a(x) x [0, L] with
vanishing values at the end points is given by

- =—j sm(J;z—)a(x)dx je{l,2,..} < a(x)= Zje{lz 3@ sm(w—)
The transformation pair is based on the orthogonality of the modes

D X L
jo sm(J;zI)sm(I;zI)dx_E&“ (Kronecker delta).

The transformation (with respect to time) can be used to analyze frequency contents of data,
filtering, to find the combination of the terms of the generic series solution for bar and string
models satisfying the initial conditions, etc.
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FREQUENCY CONTENTS OF DATA

Fourier transform (with respect to time) can be used, e.g., to analyze frequency contents of
data, filtering of data etc. As an example, transform (right) of the measured acceleration
(left), imply a(t) =10sin(10t) —5sin(15.6t) + 5sin(35.6t) (in appropriate units)

20}
10
-10}
_20!

a[m/sz]

10 20 30 40 50
w[1/s]

In filtering, one may just omit, e.g., components having frequencies over some value or
maybe components of amplitudes of small values depending on the application.
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EXAMPLE Find the transverse displacement of the string shown as function of time. The
Initial displacement is sinusoidal g =W sin(zx/L) (W is constant) and the initial speed
vanishes, i.e., h=0. Assume that the string is tightened with S in the horizontal direction
and mass per unit length pA is constant. Use the outcome of the modal analysis for a string
fixed at both ends A;(x) =sin(4;x) and @; = 1;/S/(pA), where ;=7 /L je{l,2,..}

p,S, A

Answer w(x,t)=W cos(z it)sin(EX)
L\ pA L
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After modal analysis, one may superpose the modes to find a particular combination
satisfying the initial conditions. According to the recipe

w(x,t) = Aj(X)[a; %sin(a)jt) + fj cos(w;jt)]
]

where

1 1
a| :EJQ Aj(x)hdx and pg; :EJQ Aj(x)gdx where A? :IQ Aj (x) A;j (x)dx
J J

The initial data g(x) =W sin(zx/L), h(x)=0 and modes A;(x)=sin(jzx/L) give
A% =L/2, a;=0, and S; =Wsy; Je{l2,..} and, thereby, the solution

—Wsin(z ) cos(Z >
w(x,t)_WS|n(ﬂL)cos(LJp:t). €

2-36



EXAMPLE Find the axial displacement of the bar shown as the functions of time t and
position X, if the initial displacement and velocity at t =0 are given by g(x) =U sin(zx/2L)
and h(x) =0, respectively.
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Let us start with the modal analysis. According to the recipe, the modes are given by
A(X) = osin(AX) + y cos(Ax),

where the proper combination of parameters ¢o,y,4 follow from the boundary
conditions. In the present case

A(0O)=y=0 and ((;—A)XzL:5/1005(/1L)—7/Isin(/1L):0.
X

The angular velocity-mode pairs (bar model m"'= pA and k'=EA) implied by the
boundary conditions (cos(AL) =0) are

Aj(x) =sin(4;x) and ; :ijF where sz=%(1+21') je{0,1,2,..}.
Jo,
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Knowing the angular velocity-mode pairs, the particular combination satisfying the
Initial conditions follows from

U(X,t) = Z {012, Aj (X)[Olj a)ijsm(wjt) +,BJ COS(C()jt)]

where

1 1
a| :EIQ Aj(x)hdx, B; :EJQ Aj(x)gdx and A? :jQ Aj (x)A;j (x)dx.
J J

The initial data g(x)=Usin(zx/2L), h(x)=0 give the coefficients «; =0 and
Pj=Wéy; 1€{0,12,..}and, thereby, the solution

u(x,t) =U cos( Eit)sinﬂ—x. €
o 2L 2L
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2.4 PRINCIPLE OF VIRTUAL WORK

Principle of virtual work for particle and continuum models are just concise representations
of equilibrium equations or equations-of-motion and boundary conditions of the particle and

continuum models.

Virtual work Particle Continuum
int Aduy _, Aug dou
SW Deep CLTEATHN [ (—EA—)d
SW & >, (uif)h jQ (suf )dx
0°U; 0°u
syyine S (5u|pA?2')h —jQ (5UpAa—2)dX



The expressions for the continuum can be considered as the limit cases of the particle
model ones when n — o« and h = L/ n. The limit expression for the bar, string, thin slab

membrane etc. models of solid mechanics play an important role in the Finite Element
Method to be discussed later.
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