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Chapter 1. Element : Bar
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Element : Bar - Differential Egn.

P
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f (x,t):external force per unit length
p -density, E:Young's Modulus, A:sectionalarea

an example of displacement in x-direction at x

u(X)T 5
_ x

2009 Fall, Computer Aided SNp Design, Part3 Grilage Analysis of Midship Cargo Hold O1- Bar Element

Rao,S.S.,Mechanical Vibrations, Fourth Edition, Prentice Hall, 2004,

if A is constant
and f is time invariant

>

- X
f(x)

- Seoul
N tan 4 ShpD kgnAutom ation Lab. 4/a1
e~ htt // sdal.snu.




Element : Bar - Differential Equ.

A Bar in Axial Vibration
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(P+dP)+ fdx—P = pA(x) dx = __— bid L
X X | :
o2u(x,t ' i
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I f (x,t):external force per unit length
P = o A(X) = EA(X)e = EA(X )au(x ) constitutive equation’ p :density, E : Young's Modulus, A:sectionalarea
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Element ;: Bar - Variational Method

multiply by OU and integrate | Differential Equation
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Element : Bar - Rayleigh-Ritz method

Differential Equation

| EA(duY _ d’u(x)
28] o e
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(solution)
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(solution)
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Element : Bar - Rayleigh-Ritz method

Differential Equation

| EA(du’
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Rayleigh-Ritz method ! ‘ du
. ul =0, EA—| =0
I el k 2 ’ dx |,
sume, U=, ax T M
_ 2 : o
gt U=aX+aX Variational Method

|| EA(du’
5[0{7(&j —(fu)}dx:o

5_[| E(a1 +2ax) — fax—fax?|dx=
2
f
EA

| L, ]

e
| 2EA.

@N“ I@ cedShpD kgnAtmt n Lab. 11/41
http// ‘asdal.sni



Element ;: Bar - Finite Element Method

Variational Method

| EA(duY’
5]{7(&j —(fu)}dx:o

| — u(x)

— > X

discretization

finite element method v 1 element, 2 nodes

ul 3—>U(X) u2

O O

assume: U(X)=C1+C2X ,U(O)=U1, U(|)=U2
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Element ;: Bar - Finite Element Method

U, —u (X) u, Variational2 Method
- > I E(d—uj ~ (fu) [dx=0
S o ol 2 \ dx B

assume: U(X)=C1+C2X , u(0)=u,, u(l)=u,

U(O):Cl = =4
u, —U,
I

ull)=c,+c | = &=

N

.'.u(x):u1+(u2|_u1)x

X

or, u(x)=(1—TX) u1+T u,
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Element ;: Bar - Finite Element Method

Variational Method

X X U,
u(x)_(l—l—j u1+|— u, S

\

ot 5]

@ differentiation with respect to X

dU(X)_[_l 1} Uy
dx | | 1]u,

du(x)

=Bd

~u(x)=Nd,

dx

i ] o s

| EA(du’
5}0{7(&j —(fu)}dx:o
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Element ;: Bar - Finite Element Method

u(x):(l—TXj u1+|Z u,
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(derivation) N:’l_lz x}
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(cf. Taylor Series for a Function of Two Variables)

Taylor Series for a Function f(x;,X,) at (X;,X,)

x:{xi}, x*:{x*l}, d=x-X
X2 X2

f (% %) =04, %)

)

AG0) oy, FFOE)

+§‘ o, (X —x)+ 8x2 (%, )

L(PF066) oy, 0 0T (6, %) i (R P

+2( o X +2° oo, e )+ x, xgj
R - | of (4, %)
af(gl,xz)(xl_xmaf(xl,xz)(xz 0y _{af(xlx) af(xlx)}{xl xi} Iy {xl—xl}
| X, OX, OX, OX X, — X, of (X, %) | | X =X,

oX, |

=Vf (X)) (x=x)
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(cf. Taylor Series for a Function of Two Variables)

Taylor Series for a Function f(x;,X,) at (X;,X,)

x:{xl}, x*:{x*l}, d=x—x
X2 X2

f (% %) =04, %)

PP (¢ sy TEL) o,y

+%[82fé§’X;)(>q—><I)2+2 Za)fj;l’ ) (x, X%, ~ ) + fég’xz)(xz—@)zjm
%( I 2 T LR xf)(xz—x;)+—azfg§1;’xz’<xz—x;)2j
= %m—@ﬁ%m—ﬁxxg—x;)+%(xl—x:xxz—xz)+%<2 Z)ZJ
:%[ %ﬁ?m(xﬂf) azg)ffg F106.) o, x )j(xl—x:){%(xl—xm%(xz—x;*)](xz—x;)J

1] of o*f oy O X —X
=> axi(xi X))+ zaxl(XZ X,) oxox, (% —%)+ az(x X)}Lz_x;}
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(cf. Taylor Series for a Function of Two Variables)

Taylor Series for a Function f(x;,X,) at (X;,X,)

x:{xl}, x*:{x*l}, d=x—x
X2 X2

f (% %) =04, %)

of (%, %) o, OF (X, %) .

12l (x — X )+—2 22 (X, — X
ox (X —x) ox, (X, —X;)

L(*F(6,%) .. w02 F(X,X) O*F(6.%) .

— — 2 L2 - L2 —x)* |+R
+2[ o (% —%)"+ oxox, (% —X%) (% —X;) + o (X, =%;)" [+
1( 0% f(x,,X , . o 0 (X, X, .

E a));lg 2)( ) a)flxal 2)( Xi)(xz_xz)+ é);lzg 2)(X2_X2)2]
1] of o’ f . O °f | wex
=203 (><1 X )+ 28Xl(xz X,) v (% - X1)+8x2( Xz)ﬂxz_xj
o2t 8%f ]
. xS X%, || % —x
S I o [H}
| OX,0% 0%, |

f(x)=f(X)+ V() d+= dTH(x )d+R

Caro HoId 01- Bar Element

e g - " ~
- . W http// ced b, Desia
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(cf. Taylor Series for a Function of Two Variables)

Taylor Series for a Function f(x;,X,) at (X;,X,)
x:{xl}, x*:{x*l}, d=x—x
XZ X 2
f(Xl,XZ)Z f(X:’X;)

LT PN (O

- OX OX, (%= )3
1 RTOC.K), vy PEOC.X) X)L
+§( 822 2 (x, = X)2 +2 a&);x 2 (x, =X )(%, = X) + ailg 2 (x,—x)? [+R

f(x)= f(X)+ V() d+%dT H(x)d+R

o*f  %f |
A0 x) o (%) || XX | T HE %%, [ -
| o, X, X, =%, | 2 S K S B | A
“ ox0%, X2 |
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Element ;: Bar - Finite Element Method

u(x):(l—TXj u1+|Z u,

B derivation

K¢ Nd)dx}:o

Variational Method

| EA(du’
5}0{7(&j —(fu)}dx:o

where | K = —

i

EA

1 -1
-1 1

},F:L’(NTf)dx




Element : Bar - Finite Element Method | =" (1

equivalent nodal forces

Kd=F

u1
—

ﬁU(X) u

2
—

O

O

=

1 -1

equivalent nodal forces

L X

] -goon ]

}{ul}:F F=[ (N"f )
u, 0

assume: U(X) = C, +C,X

Variational Method

| — u(x)

<
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U0 =u, ul)=u,

| T X

constant external force per unit length

— u(x)

f (x) = f:const
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Variational Method

Element : Bar - Finite Element Method | =" (1

equivalent nodal forces

U1 —»U(X) u, assume: U(X) =C, +C,X | — u(x)
Kd=F| 7 O @) =u, ull)=u, | > X
1 -1}ju
EA Pl=F F=[ (N"f)dx
|l (-1 1]u,
__________________________________________________________________________________________________ @
0 constant external force per unit length
i —U(x) 2 1 e
O O {f } L
| F=| '|=
-l m f-f 7|1, | -
2 f(x) = f:const
___________________________________________________ .______________________________________________@
equivalent nodal forces free body diagram boundary condition
BER f -l — u(x) — u(x)
=il 2 |4
{ f }: . |, || J > X
? Ef-l f (x) = f :const 7 f(x)=f:const
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Element : Bar -

Finite Element Method

Variational Method

i| EA(du )’
5]0{2((“) —(fu)}dx=0

| — u(x)
! 4-» - > = X [ !
2 f (x) = f :const <35 4 iy
£l f(x) =f: const . fo f(x) =f: const
ree body
ﬁ-r-t-ut-t-r diagram ﬁ-ub-r-u»-t\
] ~ / NN
£ 1fV/I ™ Li Y 2%, Lo
' 2 2 equivalent f-l Zf'l 4 4
<—‘O’—> Q—> nodal forces m Q—Hi>
I - e |/ .............. >
| > 5
1 element, 2 nodes 2 element , 3 nodes
u=0 _ux u, F.EM u, =0 1—”>(X)‘Uz Us
— — - i — —
O O O ‘ O
_1 1. AN -2 1
4 1, > fi=sf ) <= ) -
i . 3 i -9 f-l
07[ o 24
ﬁJ “A|u, |=| Sf-I
| 1}{u .
n 3
L f-l
superposition of stiffness matrix B 4 i
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Variational Method

Element : Bar - Finite Element Method |7l

| — u(x)
P
- - = = -u»x
7 f(x)=f:const
1 element, 2 nodes 2 element , 3 nodes
u=0 _,u(x) u, u, =0 _Ux) u U,
O O F.E.M O ‘ O
1 1, s _3 1
-f—z f1:_f~ .f1_4f -f_ f»f—z
— 1 = 5999,'?995!3'9,’1“ stiffness matrix _E f . |_
EA{l —1}{0} —Ef-l Kd=F 0 24
|- B 7. u, |=| Zf-I
R Li find | given ’ 4
L 2 il : U, 1
ol 2N
| 4 i
1 f-I? 3f-1° 4 f .|
sol) u, =0 sol) U, =0, == =_
' * 2 EA > 8 EA ° 8 EA
displacement P> solution
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2 element , 3 nodes

(solution) R
| O—— o
i I ) — 3 | |
)0<x<— ) 5 =x=l x=0_ _ x=1/2 x=I
u(x) =cf +Cx u(x) =c; +¢;x
,u(0)=u,, u(l/2)=u, ,u(0)=u,, u(l)=u,
u(0) =c* = ¢y, u(l/2)=c/ +cil/2=u, = ¢ =2u, —U,
u, —u u()=c?+cll=u 2 U~y
ul12) =g +cl/2 = G=—>= D=6 +el=u AR
. _ u, —U; . _
..u(x)—u1+( 72 jx ~u(x)=2u,-u +( 72 jx
X X X
or, u(x)_(l—rj u1+m u, or, u(x)—(Z—mj ( j

(1_Ljul+i N fenel
1/2 1/2 2

(Z_Lj (1_j T vzl
172 1/2 2
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Element : Bar

Variational Method

i| EA(du )’
5]0{2(;() —(fu)}dx=0

Finite Element Method

_______ | ey
ﬁ-» =» = = = -u»x
f (x) = f :const

2 element , 3 nodes

1 element , 2 nodes
u, =0 —U(X) u,
— —
O O F.EM
1 1,
f__ S
- > fi=s f mp
_ 1 _
EAF —1}{0} o Kd=F
= _ .
| SR | 1f-I find | given
| 2 ] :
2
sol) u, =0, u2=1f°I
2 EA
. ( X X I
displacement 1-—— |u + u, ,0<Xx<—
. . o 112)2 172 2
u(x)= 1_T U+ U 0<x<| gven: £ u(x)=1 . . |
find : U(X) (2—— u2+(—1+— u, ,—<x<lI
12 112 2
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Element : Bar - Comparison

Differential Equation

—bu(x) mathematical modeling q 2U(X)
;““:H X by using Newton'’s sefond law EA dX2 + f (x) =0
f(x) = f:const

_____________________________________________________________________________________ Boundary Condition

Variational
v ul =0, EA% _o
| EA du MethOd x=0 dX el
5j =] —(fu)dx=0
0 2 \dx
% : 2. | Finite Element Method
; Ny
. . 1 element . 2 nodes 2 el t. 3 nod
Rayleigh-Ritz Method : R ETT— ee-:i% #(X)r:, es -
U(X)ZEX—EX A e L R S . 2
i i X X |
i U(X)_£1—§) u +§ u i U(X)— (1_”)U1+|/2 u, OSXSE
' - 1 2 : - |
i | I [Z—Xju2+(—1+]u3 —<x<I
| ! /2 /2 2
5 n =0 m oo i 3f02  4f.?
for example, 7 2 EA hEC == S
NN AR A TR U(Lj_l/Z 161 _1f61° | u(lj_u _3fr
2) EA 2 2EA\2) 8 EA | 2) | 2 EA 4 EA 2) ° 8 EA
fl . f o 1f0% | 1f-12 | 4f.02 1f.12
u(l)= - . == : u(l)=u,== ' u(l)=u, == ==
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Classification

Integral Form Algebraic Equation
4 2
>Weighted Residual discretize
Collocation
i i i i iational Method ===+ »s0) . »50l)
Differential Equation =>Virtual Work >Var|at|onql Method Rayleigh-Ritz o Least Square
| RS
Potential Energy Method falerkltl
applicable only to structural problem =T

/

ref. Logan D.L., A First Course in the Finite Element Method, Third edition, Brooks/Cole, p.116

We developed the bar finite element equations by the direct method in Section 3.1 and by the potential energy
method (one or a number of variational methods) in Section 3.10.

In fields other than structural/solid mechanics, it is quite probable that a variational principle, analogous to the
principle or minimum potential energy, for instance, may not be known or even exist. In some flow problems in
fluid mechanics and in mass transport problems (Chapter 13), we often have only the differential equation and
boundary conditions available. However, the finite element method can still be applied.

The methods or weighted residuals applied directly to the differential equation can be used to develop the finite
element equations. In this section, we describe Galerkin's residual method in general and then apply it to the bar
element. This development provides the basis for later applications of Galerkin's method to the nonstructural
heat-transfer element (specifically, the one-dimensional combined conduction, convection, and mass transport
element described in Chapter 13). Because of the mass transport phenomena, the variational formulation is not
known (or certainly is difficult to obtain), so Galerkin's method is necessarily applied to develop the finite element
equations.
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ref.) I:(—u'v’ +uv—xv)dx=0

Galerkin's Residual Method

Thus substituting the approximated solution into

Differential Equatlon residual the differential equation results in a residual over

d ZU(X) d 2u(x) the whole region of the problem as follows
ASMX o) EA=ET1:0=R o
dx RdV
since it is @ \Y
approximated In the residual method, we require that a weighted value of
the residual be a minimum over the whole region. The

solution
W@Z N d weighting functions allow the weighted integral of
residuals to go to zero

H RWdV 0

NN >We|ght|ng functlon or
test function

@
/ Galerkin Method

N N
1 ‘ the basis functionsN, are chosen to play the role of
the weighting functions W

H RN.dVv=0 (i=12)
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Element ;: Bar - Galerkin’s Residual Method

ref.) [1 (-uV'+uv—xv)dx=0

Bar - Galerkin’s Residual Method Galerkin Method
d u (X) the test functions N;are chosen to play the role of
j AE—7 N dx=0 (| =1 2) the weighting funcnonsW
) ) y | -
dx” RNdV=0 ,(i=12)
X X S i ahti ;
where, u(x)=Nd=Nu, +Nu, N, =1--, N, == >weighting function
I I g"""""")>residual (test function | used)

integration by parts

Differential Equation
[NAE(;U} jAEd“dN dx =0 g

dx dx .
| du _dN, ~ dN, 1 1|y EA (2)20
since — u, + u,=|-= = T
dx dx dx | 1]|u,
|
E I%|:_1' ]—-:|dX U, _ NIAEd_u:| ,( :1’2)
0 dx | | u, dx |,
| aN, | 1 1|, (Y i du \E du o
1=1 AE OKI:—I— I— dX|:u2:|T|:N1AE&:|O F> )(YAE _N AE — dX i> le |X=o i> _fl
E> I\,'_'_'_'_'_'_'_'_'_'_'_I-_:'\
= - £ | N,AE — N, AE _N/AE N f| ¢
1=2 Io dx[ | |:| {uj:[ 2 dxl F> 2 NZ d - i> 2 |X_| i> 9

since N,(0)=1 N,()=0 since
AEg—u—AEé':AO': f

Seoul
Nat jonal Advanced Ship Desi kgn Automation Lab. 31/41

http://asdal.snu.ac.

N(O) 0, N,(1) =1




Element ;: Bar - Galerkin’s Residual Method

Bar - Galerkin’s Residual Method

j'AEOI UO) N dx=0 ,(i=12)
0 dx’
where, u(x)=Nd=Nu, +Nu, N, =1->

integration by parts

AEj'dN [—%
sz{_;
x L |

. AEﬂ;—%}{—%

, N,

X

ref.) [1 (-uV'+uv—xv)dx=0

Galerkin Method

the test functions N;are chosen to play the role of
the weighting funcnons w

| Ndv=0 (=12

S, >weighting function

g""""""}residual (test function | used)

Differential Equation

2
EAd U(ZX):O
dx
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Element : Bar - Potential Energy Approach

the principle of minimum potential energy

Of all the geometrically possible shapes that a body can assume,
the true one, corresponding to the safisfaction of stable equilibrium of the body, is identified

by a minimum value of the total potential energy

the total potential energy Il is defined as the
sum of the internal strain energy II;, and the potential energy of the external forces II,;

Il= 1_[in + 1_Iext
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Element : Bar - Potential Energy Approach

the total potential energy I1 is defined as the

sum of the internal strain energy II;, and the potential energy of the external forces Il

To evaluate the strain energy for a bar,
we consider only the work done by the internal forces during Oy O, = ng
deformation.
de,
Ey g
dIT,, = [~ ode, dxdydz x
0
“Es de, dxdydz =~ E(s, ) de,dxdyd X &
_jo &, &, axdydz _E (€X) £ abityion Linear-elastic
1 (Hooke’s law)material
= — o€, dxdydz
2 X

1, = [[fan, - - [[[ove.av

the strain energy for one-dimensional stress.
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Element : Bar - Potential Energy Approach

the total potential energy I1 is defined as the
sum of the internal strain energy II;, and the potential energy of the external forces II;

The potential energy of the external forces, being opposite in sign from the extenal work
expression because the potential energy of external forces is lost when the work is done by
the external forces, is given by

M, =[] X0 [[Ta08 _z foll

e body forces X, typically from the self-weight of the bar (in units of force per unit volume) moving
through displacement function U

e surface loading or traction T  typically from distributed loading acting along the surface of
the element (in units of force per unit surface area) moving through displacements U,
where Usare the displacements occurring over surface s,

e nodal concentrated force fix moving through nodal displacements U,

S W
i T !
: > . > > 1:Zx X
f —HI —>X, ——> e >
i<. .............................................................................................................. >4:
e | e
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Element : Bar - Potential Energy Approach

the principle of minimum potential energy

Of all the geometrically possible shapes that a body can assume,
the true one, corresponding to the safisfaction of stable equilibrium of the body, is identified
by a minimum value of the total potential energy

the total potential energy Il is defined as the sum of the internal strain energy II;, and the potential energy of the
external forces Il 1
[M=I1_+I1, I, :Emaxgxdv T, ——mx udv — HTu ds — Z f.u,
\%

Apply the following steps when using the principle of minimum potential energy
to derive the finite element equations.

1. Formulate an expression for the total potential energy.

2. Assume the displacement pattern to vary with a finite set of undetermined parameters (here
these are the nodal displacementsU; ), which are substituted into the expression for total
potential energy.

3. Obtain a set of simultaneous equations minimizing the total potential energy with respect to
these nodal parameters. These resulting equations represent the element equations.
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Element : Bar - Potential Energy Approach

the principle of minimum potential energy

Of all the geometrically possible shapes that a body can assume,
the true one, corresponding to the safisfaction of stable equilibrium of the body, is identified
by a minimum value of the total potential energy

the total potential energy Il is defined as the sum of the internal strain energy II;, and the potential energy of the

external forces II,, 1
: [M=11, +IT,, Hinzimaxgxdv T, ——mx udv — jjTuds Zf,x,

assume that there is no surface traction and body force and the f «
q . 2X
sectional area A is constant f ;. > >
:<I ..................................... ): u2
Apply the following steps when using the principle of minimum potential —> U, —>  dV = Adx

energy to derive the finite element equations.

1. Formulate an expression for the total potential energy.

IM= ?_[OI o,&dx—f u —f, u,

2. Assume the displacement pattern to vary with a finite set of undetermined parameters (here these are the nodal
displacements U;) ,which are substituted into the expression for total potential energy.

we have the axial displacement function expressed in terms of the shape functions and nodal displacements by

u(x)=Nd Where,N=[1_TX ﬂ d|
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Element : Bar - Potential Energy Approach

the principle of minimum potential energy

Of all the geometrically possible shapes that a body can assume,
the true one, corresponding to the safisfaction of stable equilibrium of the body, is identified
by a minimum value of the total potential energy

the total potential energy Il is defined as the sum of the internal strain energy II;, and the potential energy of the

external forces II,, 1
: [M=11, +IT,, HmZEI\ﬂG@de T, ——mx udv — jjTuds Zf,x,

assume that there is no surface traction and body force and the f «
q . 2x
sectional area A is constant f ;. > >
A l :<I ..................................... ): u2
I1= EJ.O o,&0dx—f u —f, u, —> U —>  dV = Adx

| u(x)=Nd Where,Nz[l_lf ﬂ d| U
gX:d_U{_} }} " _Bd

dx | 1]ju,
=E¢, =EBd
flx

—d'F
f

- flxul - fzxuz = [ul uz]

2X

N

H:?jo'(EBd)Tdex—dTF = n—_j d'B'Bddx—d'F

2009 Fall, Comput,er Aided Ship Design, Part3 Grillage Analysis of Midship Cargo Hold 01- Bar Element

g - ‘\ T - Ad Seoul
@ﬁ» Nazflanal Advanced Ship Desi kgn Automation Lab. 38/41
= Univ. http://asdal.snu.ac.



Element : Bar - Potential Energy Approach

the principle of minimum potential energy

Of all the geometrically possible shapes that a body can assume,
the true one, corresponding to the safisfaction of stable equilibrium of the body, is identified
by a minimum value of the total potential energy

the total potential energy Il is defined as the sum of the internal strain energy II;, and the potential energy of the

external forces II,, 1
: [M=11, +IT,, Hinzgmaxgxdv T, ——mx udv — jjTuds Zf,x,

assume that there is no surface traction and body force and the f «
q . 2X
sectional areAa AI is constant f,. _>‘. — - >
_A . . :< ............................................................... ): u
IT= 2 IO Gxgxdx f1xul f2xu2 —_— U1 | :%2 dVv = Adx

L
I _—j d'B"Bddx—d"F

u(x)=Nd where,N{l_lx ﬂ d{ul}
vl ] =Be

o,=Eeg =EBd
u, =[u, uz]{:“}=dTF
2x

The minimization of IT with respect to each nodal displacement requires that

6—1_[:0 and 8H =0
ou, au

3. Obtain a set of simultaneous equations minimizing the total potential
energy with respect to these nodal parameters. These resulting
equations represent the element equations.
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Element : Bar - Potential Energy Approach

the principle of minimum potential energy

Of all the geometrically possible shapes that a body can assume,
the true one, corresponding to the safisfaction of stable equilibrium of the body, is identified
by a minimum value of the total potential energy

the total potential energy Il is defined as the sum of the internal strain energy II;, and the potential energy of the

external forces II,, 1
: [M=11, +IT,, Hinzgmaxgxdv T, ——mx udv — jjTuds Zf,x,

v I
EA
H:7 OdTBTdeX—dTF dTBTDTBd

=[u, u,]

2 —£(u2—2uu +Uu,%)
2I2-[ (u” —2uu, +u,*)dx — f u, — f, u, B

The minimization of IT with respect to each nodal displacement requires that a—H:Oand 5_:0

51‘[ EA EA ou, ou,
(2u,—2u,)dx—f, =—(u, —u,)—f, :
o AL e[
' 2
oIl _EA [ EA ; -
j—uz—ch)(—2u1+2u2)dx—f2X=I—(—u1+u2)—f2X Ao UZ]EX
E( ) In matrixform,weexpress i =-fu - U,
T EA —1(|u f
| o AT || Kd = B e 0L e e
T(_U1+u2)_ fo =0 I -1 1 u, f2x ° il ' e fo
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Element : Bar _

Differential
Element Equation =
Mx =>"F ,where =0
Bar EAd u(x)
€ —>

E :Young's Modulus, A:sectional area

Galerkin's
Weighted
Residual

Finite Element
Method

Kd=F

Variational
Method
1

Energy
Method

*Discretization
*Approximation

from now on,
we will use this!

EA

u(x) =a, +a,x
1 -1}ju f
+f(X) 0 E>5I|:EA(d—uj—(f )}dx 0 |_|:—1 1:||:U1j|:|:flj|
2 2

otation

f,] [k
Node 2
0/ > f2 f2

0, —> stiffness matrix
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