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2.1 Vector
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Mechanical Quantities

Quantities

Physical Q.

Mechanical Q.

Mechanical

Chemical Q.

Electronic Q.

x Tensor of order O (Scalar Q.)

-Scalar quantity has only magnitude of real number.

-Real number calculation (+, -, x, /). Function.

x Tensor of order 1 (Vector Q.)

-Vector calculus is needed to learn vector mechanics.

Solid/Fluid
mechanics

Heat
transfer

Thermal

-Addition, real number multiplication, inner product, cross product.

-Coordinate transformation

x Tensor of order 2
-Matrix algebra is needed to understand stress, strain, etc.

-Addition, real number multiplication, matrix multiplication

-Coordinate transformation. Eigenvalue problem.

Scalar Q.

Vector Q.

Tensor of order O

Work, power, speed,
Distance, mass

Temperature, heat,
Enthalpy, entropy

Tensor of order 1

Coordinate, Force
Displacement,
Velocity, Acceleration,
Moment, Momentum,
Stress vector(traction),

Heat flux

Tensor of order 2

Stress, Strain,
Strain rate
Moment of inertia

Nothing

What i1s CAE?
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" Preliminary - Special functions

1 Trigonometric function a b C
Eh sing sin b sin
C
B b’ +c% -&
q cCOoOXxa = b
A C
B A B B x> X2
sing=—,cosg= ,tan g= , tan — sinx=X — #+ COX X—-
9=¢c %97 Ta 99, 3] 2!
tang="9 - 1 Sin® = 0, sin30 =1/2, sin45 ¢ 2/2
cosg  cot¢ sin60 =+ 3/2, sin9® =1
sin“g + cos g =: cos® =1 cos30 =/ 3/2 cosd5d 2

sinig = cos g, cos i ¢ -sin gan | gsec cos60 = 1/2,cos90 = 0
sin-g) = sin gcos( 4 ces
y=sing U g=sin'y arcsiny

1 Logarithmic function and exponential function
2 1
X — —
y=¢€", } =€ =1+ + .. Y=Inx y =
| 2! X



™M oo
o Definition of vector

Y4 Vector quantity: Vector quantity is defined as the quantity which has direction as well as

magnitude. Vector is a mathematical description of vector quantity.

| R,
’ (a) Sliding vector Statics
.. B
Y4 Description of vector a 5
~ 3 AL AB
1 \ector: @, X, &, X, AB A R,
1 Magnitude: |al, ‘a‘, a | y Unknowns : R, Ry

(b) Bound vector

X
<Definition of vector> F .
Elasticity

Y4 Factors of vector

1 Essential factors (Mathematical requirements)
. Magnitude: Distance between points A and B

, Direction: Direction of arrow directing from point A to B Unknowns: deformation

Rigid-body
translation

1 Selective factors (c) Free vector

. Point of action: Point B

. Line of action: Line passing points A and B

Unknowns: rigid-body displacement



M
& ]

Mathematical description of vector

Y4 Mathematical description: Component

1 On 2D plane

1

. Rowvector: a= gax, ay

. Column vector. a=

In 3D space

o & 3

, Rowvector: a= gax, a,, 4,

. Column vector: a =

B 2
& 1B 3 a
ea,

a Components can make us calculate
direction as well as magnitude of a vector.

T

t

) [al=/a’
ay’ a? ----------- 1
g=cos'™
a E |a|
g ixx
0 a8
(a) 2D
z,%  |al= \/ a’ &’ a’
% & g =cos' X
g
q; i
qZ : y a2
4, | av v, %,
a.a 0 L
X, X T N (b) 3D

<Components in the rectangular

Basically, a vector in mechanics means row vector

coordinate system>




% Definition of terminology

1, Zero vector: 0=0 = [0, 0, qT

Y4 Magnitude of vector a : |aj:\/ax2 ° & o \/6}2 aF a%

¥ Direction of vectora: g = cos’ & ( =1 2,3

g
s Directional cosine : [cosg, , cosg , cos,y
Z, %
|
Y4 Unit vector: A vector with magnitude of unity
a —
1 |u|:1 or u:W (|a| 50) Jk,e3
a
: : Y;
Y4 Unit basis vector : i e %
=2
» 7 =i=[1, 0, ' =
X, X
1 J:J:[O, 1’ T €,

. T <X-y-z coordinate system
1 k=k = [O, 0, €, and unit basis vector>



r;g Algebra of vector i vector addition

Y Addition of vectors

a+b fa B a bra bt B
Y4 Multiplication of a scalar and a vector )/5(

aall a, a, &

Parallelogram
rule

a-b «a « b

Y» Characteristics of vector addition and N
scalar-vector multiplication z <Vector iii'izﬁgézgifr"’ecmr
1 a+b b a azl:)/ ak
1 (a+b) «¢ a (b O+ . r
a=
] | g 8, f
» 0O+a=a (040 0 () a1 .
L a) b=¢gy, b,
1 a+(-a)=0 o :;Va & by, b
| Yy .
1 a(a+b)=aa+ & — 7y arb=e+h)

L (a+ ha= a+ & R +(a, B)] (8 bk
1 a(@)=( a)h al+a <Application of vector addition,
. 1a=a scalar-vector multiplication>

atb §a B a bra bf [h=3 & 3 k+ d'=b a



5‘5 Algebra of vector 1 Inner product

Y4 Inner product, dot product, scalar product b,
a
1 b 1'§ ' b= e
ab ‘Hah Fh ah ahl a b=(3 3 gL b
i=1
Y4 Geometric meaning of inner product

L a® falticosy

1 a(b H means the two vectors are perpendicular.

Y4 Characteristics of inner product <Inner product>

albh b ad Y4 Norm of vector a : H a H
y . 1

aQb '6) abOCa ¢ 1 |a”:(a @)2

(aa)® =Aa bP . |a a” :| 5H|a” Y4 Miscellaneous

ata e
% 8implies a = t [ad| bl P 19=kGkiI=0

aCa Bimplies a=0 L =i Ok k=41

t [a+bl¢ g bl e )

3 3
alb 'aah aha b=
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o Algebra of vector i Vector product
Y4 Vector product, cross product
I ] kK
tc=atbha a a Fab abi (ah aBk] (abk 3k
b b b
Y4 Geometric meaning of vector product c=a’b b

1 Magnitude: || =|d|sing (0¢ g¢ )

- Area of parallelogram constructed by the two vectors

1 Direction: Perpendicular to the plane constructed by the two
vectors, following the right-hand rule shown in the figure

Y, Characteristics a T <Definition of vector product>

asb =bh ad |

3 3 3

as(b ) ab "a+c \ 1, Miscellaneous
(a__b)%(%ld?(a}_bc L i3k k3 ki3
a@b & (a b3c Lb=x 1 j3i=j p=k kE0

asb 9 -allb <Right-hand rule>




5‘5 Euclidean space and linear combination

Y4 k-dimensional Euclidean space R 231 g
u
T g
1 Dimension of vector a= [31 a - ak] :g: 3
= Number of components e u
& U
R"l{a a Ja,a,, al: 'sarere%l
1 Rk: k-dimensional Euclidean vector space, | [q % q] 4

or k-dimensional real number vector space  a + b 1[81 B, a bt g Q]‘T‘

.
. . | aal[éal’ a2’“" m]
Y4 Linear combination

k
. a®d Qah
1 Aca =6y 63, o+ Y .
i1 1 inearly independent
la|=(a@> cldwcoiowxe

Y4 Linearly independent

1 The case that the linear combination vanishes only when all C, 'S are zero.

o2 d
Y4 Linearly dependent Lo 7
1 The case that the linear combination vanishes when any C is not zero. [3.2. 9

Linearly dependent

L2 3 +d10F {32 e



5‘5 Coordinate system (C.S) and coordinates

Y4 Coordinates
1 Position (components) of a point relative to R.C.S.

1 Avector quantity

Y4 Reference coordinate system(R.C.S.) and local C.S. z )

local coordinate
system
h

Y4 Orthogonal coordinate system X Y, X,

X, X, <
reference coordinate syster

1 Rectangular coordinate system

1 Cylindrical coordinate system <Coordinate systems

1 Spherical coordinate system and coordinates>
z Z . _
. X=1rCcosg X=TrSIng COos /
T < y=rsing T /v y=Tsingsin g
: [ _
i 7 2= 727 d i\ Z=T1Co0xy
? y v | y
X oL P X d r X "“*-.Ld'
a) R.C.S. b) C.C.S. ¢) S.C.S.

<Typical orthogonal coordinate systems>



5‘5 Examples of vector calculus

Y2 Vectors a=[2, -5, qT and b=[6, 2, -]]T are given and find the followings:

a)a+ D b) 2a- b c) alb d) b& e) Angle betweera and
fyashb g) b3a h) b3a= -a B

a)ya+2o §14, 1, 1 b) 2a-b § 2, 12, 1
c)ab 2 & (5 2 3 (H 3. db&d 6 22+5 (1)+83 -
e)ab Fall b cog E2 B 348 2 421 ceg J 1558cc

Fromatb= 4, ¢ cos ( 14 1588) 9245
f)a3b %2i 5] 3¢) (6% 2 k) ¥ 2 B8O i5+jl8i+6 i+ |20 k 3
g)b%a X6 2 k) (23 § 8 )+ 30= 48 k4-i 6j-2i & 20k 3¢
h) Froma) and b), bdSa= -a b




r;‘: Example of vector calculus

Y4 Area of triangle

C(1,2,0
A(2,3,5) B(0,2,6)
C

AC= i | 5¢
AB= 2i | k+
DABC %\A—C’ AB)| A

I
AC3AB 1 1- 5§ -( 1=5} @0 1 (1+X + i6- ]1k=

2 41 1

DABC % d62 12 P+ 6.285



r;‘: Example of vector calculus

Y, Calculate vector OB.

(n)
T
(ﬁ) . -
T =200 40
V2, V2.
2 2
OB="7
N (1))
OA+0OB = T
. (n
OB= T ©OA
2,0 2.

OA = ‘OA‘n < T 102 20/2) ¢

OA= 10 g
OB=(20 -4Q) { 1D 1) 30= BO-



5‘5 Example of vector calculus

Y, For two given vectors a and b, calculate the vector starting from the end
of vector b and perpendicularly ending onto the vector a.

a=12i -3 «
b= 2i 3 &

Calculateu,, theunitvectoraf .
u_12i-3 +HK _12I 3
T 12+3F w2 13 13 13

x=BX ©OX b

W=‘Wua OXu,

—— -- 24 9 20

OX=u, © |Bco =-— — +1 = -
2 ‘b* = 13 13 13

_, d2. 3. 4 _ 14 36
=1 o (28 e f

J
3



r;ij Example of vector calculus

Y4 Calculate S; inthe three-dimensional space.

(n)
T =27 1§ 38

SN ]

S =7

)
ON+OT = T

. (n) __.
s;=|0T| % TON

o_N':\ﬁ\]\n L 7 B 63 12/3) {\gi 3@1' {Tsk ) 45 15=HE

s,=|27 19 38 ) (W5 15 K54) | i12=j33 k21 +
s, =40.915



2.2 Matrix and Linear Algebra
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Y4 Matrix: Rectangular array of numbers, called elements

1

Definition of matrix and terminology

ea, aleé} 4

m nmatrix:  A=[a] <% %0 &

gamlamZOng

Y, Terminologies :

1

1

1

Row vector : 13 n matix
Column vector : m3 1 matrix
Square matrix :  N° N matrix

Off-diagonal term: & (i, j)

Diagonal term : @ (i=1,2,--n)for an n3 n square matrix

Zero matrix 1 Diagonal matrix
0= eOOO @U D—éo.. a,0 O
é0 O Ou 0 O O «
|

000 Oy 60 00 4)

1 Upper triangular matrix

93113120@12
€0 a,0 &) U
eo0 O Od

€0 004 ¢

U=

1 Lower triangular matrix

éa, 0 0O O |
I__ea21a220() |
O O (
@nzanzoanl

1 Unit (identity) matrix

el 00 O¢

=[a] £2.1Q @
il 20 O o
~ @000 Of

Kronecker delt:
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Definition of terminologies continued

1 Submatrix: A matrix made by deleting some rows or columns from the original matrix

1 Principal submatrix: A submatrix made by deleting simultaneously some i-th row(s) and
the same i-th column(s) of a square matrix

1 Transpose of a matrix A, AT : A matrix of which (i,j) component is equal to the (j,i)
component of matrix A, a =3

1 Symmetric matrix: AT =A, a =,

1 Skew-symmetric matrix:

AT =

A,y =y

1 Rank: Number of independent rows = number of independent columns

1 Singular matrix: 1N square matrix of which rank is less than N

22121312313 2
z 1a22a23
G 2y By O

Principal submatrix

65, B 0BG 35 &BPa,

,» 3 Hag a; Bal a,,

Ean] [2.] [ &)

Skewsymmetric

Rank@) = 2

Symmetric



H ]
s Matrix and Vector

Y4 Expression of m n matrix using mrow vectors or n column vectos

Qo
Bt

aa, a, a, 8581T

0
. a, &, =& . 0
. . O

8 8 B
1- O: O: O: O: O
O
|

b@,?d

"‘53,?6
BB



5‘3 Addition of matrixes and multiplication of

real number and matrix

Y4 Definition of matrixes

1 CtA 4B -q & b

j
Y4 Multiplication of real number and matrix

1 Cl gA - o 1&3,.

Y4 Properties

1 A+B=B+A a+th B & HB+B=B+A
1 A+ B+C)=(A B)+C
1 A+0=A 1 A+(-A) D

1 a(A+B)=&A +B

1 @+ HA = A +AD

1 a(A)=( a)k 1 1A A

1 (A+B)" A" B' : (@A)’ &'



H .
S Product of matrixes

Y4 Definition of product of matrixes A and B

1 C=AB: Productof m* pmatrix A=[g]and g*n matrix B=[h]

. p=qI | is the essential requirement for C”- to be defined. j
.G :;élaij 3 b0 a4 j &b -
) 0 . ~ o- x
. ; a ) é: @sz
Y4 Properties of matrix product & 6 3
P P 0 &
B r |& ..... CIJ Ulglaz qs q_ X . b$
1 (aA)B= &AB) A( B) - 5 = . g :
1 A(BC)=(AB)C G T G :
1 (A+B)C =AC BC é@ -
1 A(B+C) sAB AC \ _ , _ ,
1 (AB)T =BT AT m3 n matrix m3 I matrix 13 n matrix

! Ingeneral, AB, BA and AB # does notalwaysmea A=0 or B 9
' TA=A Al A ,IX x=

Y4 Eaxmple: Show (AB)'=B'A" using the following two matrixes
P

el -8 1 0 22
-2 44 5 2 AB=¢é0 7 gives (AB)" 88 2 3.
A=é& 5 3 B =261- g22- 3
¢4 1 39

0g?2 01l 2 4 g
€ BTAT:‘?g ?L(Z) 2 510 :ﬁg 2%. Therefore (AB)' =B'AT
€2 128, 33y @



™M .
o Role of matrix

Y4 Role of matrix : Ax=y

Transformatior
. X A )
1 Mathematical operator —> —>
1 Transfer function or transformation Mapping

Transformation

: . matrix
Y4 Law of coordinate transformation of a vector :
, €F. geécoyy singde or _ @s gsin ¥t
eF, Hé& sing cosgpFe H -@in gcos ]
\ Y T
- |
F.cosg=F, +,sinc¢ &F G83cosy- sing&Fa o | -
F,.cosg=F, -F.sin¢ gﬁl':y Eg%incﬁ cos quze T - P : \ :
o F:
. _ . T _ . T - ] " |
1 Transformation T=[t,,t,] t,=[cosy,-sin§ t,=[sing,cos j i | U
matrix ! -
0 i Ft r

t|=ft,] 4, t,tO 0 « Orthonormal matrix

T'=T"

<Coordinate transformation>

Inverse matrix

casy -sing i
si%q Cosq | :

P @
conw

@cosg sin q_ézi cds ¢ sin g @Cose - gsin
& sing cos gy IT| S gcos g sing gos 57



r;tj Application of the role of matrix

Y, Matrix in mechanics

1 Displacement-load relation

L gt "l @ AF=U
&1 22 +1€?’ Hgy, ) Q,u
)—»X
AE &J2+1 1@y © l
V2 ok 59 KU=F P,u,

2J2Lg 1 18, 8P

1 Displacement-load relation

HS HE + Ho # 0O Approximate approach to differential equation

KX M ZH + Finite element a imati % 1
pproximation
p’sxy + I'%y + F@ ‘ﬁ' O KU :F y (K = )J = O
woow oz
s Stiffness \
HS + yZ 4 K5, :ﬁ.z 0: matrix Displacement
X M ZU vecor

Load vector



r;‘: Expression of the second order of tensor
Y4 Stress tensor z A point Y, Strain tensor
in 3D mechanics
és é'eXX XZe
- XX ‘S(y )g ~ P g
SiTeIx w5 yP G~k wf !
?"zx szy 2 y- face (;';%zx g £

X- face

Y4 Coordinate transformation

_[> I O t Y

O g3 e

4[— %(\\(\ \ '
& 0 pal/2 1N2003 ¢ 1& 2 - 1/ 2

0812 w2 880 1#2 w2

as, L, facosg singd & I c8 g- sin
?Wi S Sg?sinq cosqgg y S s{ﬁﬁ g Ccos

S yy\

y
Undeformed
,// —————————————
e
III/ E
L ay
\\
C
\\\ O Ax
y _______________
X
é‘eXi @l i_a_é,COSC] Sin q(j ée Xy E@S 67' Sin
9]

cosqggg y es@ g cos



) % . .
o Determinant of a matrix

: . da, a, oxg_ @& a A
Y4 Determinant of a2 2 matrix: 8%‘21 a, QX@ % ge /8
1 D= A Ay , X1 Q 1 -8 b
det %aﬂ a,| Wl 8 8% 0 aa, aa - 8112 b0
-1 4ab-ab g
Y4 Determinant of a3 3 matrix :  detA ¢ Ea,b +a,b, 9
&, &, Ay If detA=0.0,
1 D=detA {aﬂ a,, a, 31,‘2232 2323 3&4 21 2j 31%1 2232 A isesingular.
A3 A3 A 2% ! toe
Y4 Determinant of an n  n matrix :
a, &, O Q, 8y & GO0 |a,a, O C

1 D=detA 395 %20 &l g % F 804 18 An %O Qg M, am,, -

amanZOQn a, @& @J0 [a a8 a,0 O_
_a11C11 +a12C12 +

1 D:_éi-lajicji :.é%(n: (i 2, On) @ (1" H -(C :cofactor)
b D=a (4 aM, = a9 g M

1 M; Minor, Determinant of the (n-1) (n-1) submatrix, i-row and j-column were removed.



5‘5 Characteristics of determinant of matrix

Y4 Characteristics

Al=]AT

AB|= BA|= A|B

If a row or a column of a matrix is multiplied by c,

determinant of the newly formed matrix is c-multiple of the original value.

When two rows (or columns) are changed, the resulting determinant becomes negative
of the original value.

When a row (or column) is added by any other row (or column) multiplied by a constant,
the resulting determinant does not change.

When row vectors (or column vectors) of a matrix are linearly dependent, its
determinant vanishes.

ay e, &
o-sun 28 alral afra] g2
Y, Applications Ay 83 9y 2 7% ? 272
a; &, & ay e, &
Di=detA %cazl1 cazz2 ca: TdeA Di % detA {631 agi a: = defA
a31 a32 a33 aZl a22 a2
. ) { 3, a, 3,
D = detA 8y 8y 8y | €

2a11 + a21 2a12 +a22 2a13 '&2



5‘5 Quadratic form and kind of matrices

: 1
1, Quadratic form: f = = x"AX U= 1uTKu K =vMv
2 2 2
Y4 Positive definiteness of A @, a,8, g
. y S 2, 2 0 0 0% % CBpS b (2] [ad
When all eigenvalues are positive. o o, o HaBay Ballay
B 808 Gy o
When determinants of all principal submatrices are all positive. 2:321 :2: :2: &, a, ﬁasJ

X' AX 2 0 for any x and X' AX =0 only when X =0,

Y4 Positive semi-definiteness of A Positive definite

el-1 @(1
When all eigenvalues are non-negative. (- %) %" 6 X’—’)gl 2 8,

When determinants of all principal submatrices are all non-negative.

X' Ax 2 0 for any X.

Y, Positive definiteness of A = Negative definiteness of - A

Positive semi-definite .
el-1 0ex

(% - %) % %)° (%% 9€1 2 16x
§0-1 18&,




) o | :
o o) Inverse matrix

Y, Inverse matrix of n  n matrix A: Al Y4 Inverse of matrix A multiplied by B
. 4 B 1 (AB)'=B*A*
AAT =L or ATA 1 (ABCDO DO DO® 8.0
1 1 X
1A'= Cl" = . : .
detA[ i detA[A"] Y, Linear equation
[A] =[G]": Adjoint of matrix A 1 AX =b
&, C,, 00, 1L A'Ax =AM, Ix A b,x ADb
[A] = 2(31..2 C,0Q,
)
SCO C OC--) C??( 2 Kronecker delta 2100“ 0
1n 2n n . 01 .- 0
d_él|f|:J I:@U HQZZ .
= . . e: : ...
TR, ] 20 o

Y2 Orthonomal matrix and transformation matrix
1 If AA™ =D, i.e., diagonal matrix, the matrix A is orthogonal matrix.
L If AAT =1,a, & d,the matrix A is orthonomal matrix, i.e., A* = A".
1 Transformation matrix is othonomal, i.e.. TT' =I| . Therefore, T* =T",

écosg sin q%zi cds g sin @ gco: - gsin -57 a085- 0536 #.85 053 o1 ¢
€ sing cosgy |T| S& geos g gsing gos L053 0852 Fs3 085 20



% Similarity transformation

Y, What is similarity transformation? &S, Ly Dacosg singg & I clis g- sin
& e _. o) S S{Eﬁ
~ 1 C yix i ‘? i—C” Sing  CO0sS q ;? y q COS
A =RAR
Y4 Characteristics of the similarity transformation
- 20
1 Eigenvalues of A and A are identical. _‘_»
1 Relationship of eigenvectors: X = R* x 160
(X : eigenvector of matrix A, X: eigenvector of matrix A) “l‘ 'T_’BO
—
Y4 Application of transformation matrix !
-17.1
1 5.,.,:T, T ,% 117.1
1] Ip Jq q Y Y Y '
=T.s T ) ssi'p' :8 Tls % TJ"q 817
i'p~ pa g

[sT=[TI0 47T AT K7

20.85- 05389 60 ¢0.85 053 147.18
€053 08546® 20 -083 085 @ 1%



% Eigenvalue problem

-2y 04 -20xe_
X-cy 0 & -cgyE @
-2‘ . 25 /5

=0 - ¢ =2 YXiy =—.i—
C 5 5

Y2 Homogeneous linear equation: Ax=0

1 X = 0: Trivial solution, meaningless solution
1 IF |A| = 0,thereis x, ObutAx 9.

Y, Eigenvalue problem : Ax=/x or (A- A)x=0
1 Rows or columns of the N3 N matrix (A - /1) should be linearly dependent.

1/ : Eigenvalue or characteristic value
1 x: Eigenvector or characteristic vector

14 Characteristic equation: |A- /1| ©

1 Requirement that rank of A - /| islessthan n,orthat A- /1 issingular.
1 Non-linear equation of order Nn.

1 If the matrix A is symmetric, the N real-value solutions exist, i.e.,

Y4 Orthogonality of eigenvectors : X C")XJ- =0
: ATXi =/, >T<i, AXp =% - XIAX = /x/x, (xiTij ) = /X %
’ Xj(A' A )Xi :(/i '{)Xi X
PfA-AT B (1 )% x,00 = x-x O



o Eigenvalue problem 1 buckling

Y4 Problem 1 Solving

vi() = Cb%sin ix € “ros »

P
S

;
d i V(O):Cl +C4 Q:
v,(¥) = Csin?X Y v(x)=CSi”3LLX V(L)=C GL €sinbL Greosd (
L] el vi(Q)= C,b° €&
\‘.\\\\ vi(l) = C,b°sin & €, “fros Lb G
\\‘ \‘u'V\k ) | pr \
K vz(x)—CsmT ?1 0 0 1 eC, ﬂeO
WAAY €1 L sinbL cosh €, U
V] é ) Ue
1 GE and homegeneous solution éo 0 0 b O
o ' 50 0b7sin b “os LKC, § D
V(4)(X)+EVI(X’ =3} b2 ET
v(X)=C +C x €sinb x Gcos b sinbL=0- & = p- M /L0 12, ,C
1 BCs vV(X) = C,sinb x
v(0)=0, v(L) =0

P - El no X
,/EL—H,U - P =nz,5? (3 Esin=—

/P El
L= -P =p—
EI p cr L2

Mb(O):O - Vvi(@) 0
M, (L)=0 - vi(k) 9

<+— Buckling load




S

1

1

Eigenvalue problem 1 Principal stresses

Problem:

Solution:

B O

~(n)

o

yd

> &

ey
s g

Cauchyos

%)
@ OO §
S CIC/Q

e,

ges

XX

N\

0E° w

Hes .

gs s 3

& S Sy~ S
g€ s, s,

w S 5

S Sy~ S

S S, &

5, S @ '
g

A

zy '292612

x a'=TaT*

f

Coordinate transformation rule
of tensor of order 2

-Similarity transformation-

29 31 X ‘? O é ésxx Xy
U_ A € ~ €

yzs d] y U 0 € U és yx Sy

§1 4 H O g @Szx zy

Characteristic equation

2N

NV

Ssl-* b,- 1,50 =

Xz g]x 9 nxé

u e

S/Sz. dﬁly G myé

seh,d ng
- 18 29 3

\

Principal value

Invariants (stress, strain, etc.)

n=n%"

First, second, third invariant

Principal direction



r;‘JExampIe of determining principal values of stress

A -17.1

— 117.1

A J-

1 Eigenvalue problem and its characteristic equation, eigenvalue (principal stress)
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1 Given stress state 1 Calculation of principal stresses N
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E a Principal stresses and
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2.3 Function and
Differentiation
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Quantification of a function in 2D

Height of mountain Atmospheric pressure

h=h(Xxy) P=p(Xx Y
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% Mechanics and unknown functions

P 1-Dimensional P 2-Dimensional

P 3-Dimensional

q(x)

Deflection of
neutral axis

s 222 EEEELEE

o4a)]




) o !
& Rate of change

b Average rate of change y - V(%)

Y X

2

v X

P Instantaneous rate of change

P Derivative

P Mexicans in Mexico city do not recognize its height. Height itself does not
make things slip while the slope decides the slipping speed of them.

P Dust wind in Africa does not affect on me. However, that in Gobi desert has much
influence on me, implying that rate of change is of great importance.



