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jõu

k
s,
st.

su
m
m
aarn

e
jõu
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võrran

did
.K

u
i

m
ah

u
jõu
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P
eale

jo
on

isel
2.5

n
äid

atu
d
p
in
-

gete
m
õju

vad
tetraeed

rile
veel

m
ah

u
jõu

d
X
,Y

,Z
,
m
id
a
p
ole

jo
on

isel
n
äid

atu
d
.

P
ro
jek

teerim
e
tetraeed

rile
m
õju

vad
jõu

d
x
-teljele:

p
ν
x d
A
−
σ
x A

O
a
b −

τ
y
x A

O
bc −

τ
z
x A

O
a
c
+
X
d
V

=

p
ν
x d
A
−
σ
x d
A
·l−

τ
y
x d
A
·m

−
τ
z
x d
A
·n

+
X
d
V

=
0.

(2.12)

2N
u
rgad

tetraeed
ri

tah
k
u
d
e
ja

vastavate
n
orm

aalid
e
vah

el
on

v
õrd

sed
.

2
.3
.

P
in
g
ed

k
a
ld
p
in
n
a
l,
ra
ja
tin

g
im

u
sed

k
e
h
a
p
in
n
a
l

2
-
1
4

J
agam

e
v
iim

ase
avald

ise
p
in
d
alaga

d
A
,
h
ü
lgam

e
v
iim

ase
liik

m
e
k
u
i
k
õrgem

at
järk

u
v
äikese

3
ja

saam
e
avald

ise

p
ν
x
=

σ
x l
+
τ
y
x m

+
τ
z
x n

.
(2.13)

K
orrates

sam
a
p
rotsed

u
u
ri

teiste
telged

ega
saam

e
avald

ised
p
in
gevek

tori
p
ν

ü
lejään

u
d
kah

e
p
ro
jek

tsio
on

i
leid

m
isek

s.
K
ok

k
u
saam

e


p
ν
x
=

σ
x l
+
τ
y
x m

+
τ
z
x n

,

p
ν
y
=

τ
x
y l
+
σ
y m

+
τ
z
y n
,

p
ν
z
=

τ
x
z l
+
τ
y
z m

+
σ
z n
.

(2.14)

V
alem

id
(2.14)

v
õim

ald
avad

leid
a
m
is
tah

es
kald

p
in
n
al

m
õju

va
p
in
gevek

tori
p
ν

kom
p
on

en
te

k
u
i
on

tead
a
p
in
n
an

orm
aal

ν
ja

p
in
gekom

p
on

en
d
id

ko
ord

in
aat-

p
in
d
ad

el
σ
x ,...,τ

x
y ,....

K
u
i
p
in
d
a
bc

ü
h
tib

keh
a
v
älisp

in
n
aga,

siis
esitavad

v
õrran

d
id

(2.14)
rajatin

gi-
m
u
si

(ääretin
gim

u
si)

keha
pin

n
al.

3lim
d
A
→

0 (d
V
/d

A
)
=

0
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2
.4

P
e
a
p
in
g
e
d
,
p
in
g
e
in
v
a
r
ia
n
d
id

K
u
n
a

vaad
eld

av
tetraeed

er
on

lõp
m
ata

v
äike,

siis
tegelik

u
lt

v
õim

ald
avad

valem
id

(2.14)
m
äärata

p
in
geid

keh
a

m
is

tah
es

p
u
n
k
ti

läb
ival

m
is

ta-
h
es

kald
p
in
n
al

k
u
i
on

tead
a
p
in
n
an

orm
aal

ν
ja

p
in
ged

(p
in
gekom

p
on

en
d
id

σ
x ,σ

y ,σ
z ,τ

x
y ,τ

y
z ,τ

x
z )

sed
a
p
u
n
k
ti
läb

ivatel
ko

ord
in
aattasan

d
itel.

P
in
n
al

n
orm

aaliga
ν

m
õju

va
p
in
ge

saab
om

akord
a
jagad

a
n
orm

aalp
in
gek

s
σ

ν

ja
n
ih
kep

in
gek

s
τ
ν .

K
u
i
on

tead
a
p
in
gevek

tori
p
ν
kom

p
on

en
d
id

ja
n
orm

aali
ν

su
u
n
ako

osin
u
sed

,
siis

saam
e
leid

a
p
in
gevek

tori
p
ν
p
ro
jek

tsio
on

i
n
orm

aalil
ν
:

σ
ν
=

p
ν ·

ν
=

p
ν
x l
+
p
ν
y m

+
p
ν
z n
.

(2.15)

O
n
selge,

et
vaad

eld
av

p
ro
jek

tsio
on

on
sam

al
a
jal

ka
n
orm

aalp
in
ge

σ
p
ro
jek

t-
sio

on
p
in
n
an

orm
aalil

ν
ja

seetõttu
kasu

tam
egi

siin
täh

istu
st

σ
ν .

K
asu

tad
es

va-
lem

eid
(2.14)

saab
σ
ν
om

akord
a
avald

ad
a
ko

ord
in
aattasan

d
eil

m
õju

vate
p
in
gete

kau
d
u
.
N
ih
kep

in
ge

τ
ν
k
u
ju
tab

en
d
ast

p
in
gevek

tori
p
ν
p
ro
jek

tsio
on

i
vaad

eld
aval

p
in
n
al

ja
tem

a
m
o
o
d
u
l

τ
2ν
=

p
2ν −

σ
2ν .

(2.16)
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p
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O
n
selge,

et
n
ii
p
ν ,

k
u
i
σ

ν
ja

τ
ν
sõltu

vad
p
in
n
a
orien

tatsio
on

ist.
S
aab

n
äid

ata,
et

igas
p
u
n
k
tis

leid
u
b
v
äh

em
alt

kolm
om

avah
el
ristu

vat
p
in
d
a,

m
illel

n
ih
kep

in
ge

τ
ν
=

0
ja

n
orm

aalp
in
ge

σ
ν
=

p
ν .

S
elliseid

p
in
d
asid

n
im

etatak
se

peapin
dadeks,

n
eil

p
in
d
ad

el
m
õju

vaid
n
orm

aalp
in
geid

peapin
geteks

ja
n
eid

p
in
d
u
m
ääravaid

p
in
n
an

orm
aale

peasu
u
n
dadeks.

P
e
a
p
in
g
e
te

ja
p
e
a
su

u
n
d
a
d
e
le
id
m
ise

p
r
o
tse

d
u
u
r
.

•
T
äh

istam
e
otsitava

p
eap

in
ge

σ
ja

talle
vastava

p
in
n
an

orm
aali

su
u
n
ako

osi-
n
u
sed

l,m
,n

.

•
N
en
d
e
n
elja

tu
n
d
m
atu

m
ääram

isek
s
on

v
õrran

d
sü
steem



(σ
x −

σ
)l
+
τ
y
x m

+
τ
z
x n

=
0,

τ
x
y l
+
(σ

y −
σ
)m

+
τ
z
y n

=
0,

τ
x
z l
+
τ
y
z m

+
(σ

z −
σ
)n

=
0

(2.17)

ko
os

lisatin
gim

u
sega

⋆

l 2
+
m

2
+
n
2
=

1.
(2.18)
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•
M
eid

h
u
v
itab

selle
V
S
-i
m
ittetriv

iaaln
e
lah

en
d
(l,m

,n
p
ole

korraga
n
u
llid

).
S
ee

tin
gim

u
s
on

täid
etu

d
k
u
i
karak

teristlik
d
eterm

in
an

t
∣∣∣∣∣∣ σ

x −
σ

τ
y
x

τ
z
x

τ
x
y

σ
y −

σ
τ
z
y

τ
x
z

τ
y
z

σ
z −

σ

∣∣∣∣∣∣

=
0

(2.19)

•
V
iim

asest
saad

ak
se

om
akord

a
karak

teristlik
v
õrran

d

σ
3−

I
σ1
σ
2
+
I
σ2
σ
−
I
σ3
=

0,
(2.20)

k
u
s
su
u
ru
seid



I
σ1
=

σ
x
+
σ
y
+
σ
z ,

I
σ2
=

∣∣∣∣ σ
x

τ
y
x

τ
x
y

σ
y

∣∣∣∣
+

∣∣∣∣ σ
y

τ
z
y

τ
y
z

σ
z

∣∣∣∣
+

∣∣∣∣ σ
x

τ
z
x

τ
x
z

σ
z

∣∣∣∣
,

I
σ3
=

∣∣∣∣∣∣ σ
x

τ
y
x

τ
z
x

τ
x
y

σ
y

τ
z
y

τ
x
z

τ
y
z

σ
z

∣∣∣∣∣∣

(2.21)

n
im

etatak
se

pin
ge

in
varian

tideks
4.

4T
äp

sem
alt

öeld
es

n
im

etatak
se

n
eid

p
in
geten

sori
in
varian

tid
ek
s.

T
en
sori

m
õiste

ju
u
rd
e
tu
lem

e
õige

p
ea.
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p
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,
p
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g
e
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•
U
u
ritaval

ju
h
u
l
on

k
u
u
p
v
õrran

d
il
(2.20)

kolm
reaalarv

u
list

lah
en
d
it,

m
is

√

järjestatak
se

kah
an

evas
järjekorras

σ
1 ≥

σ
2 ≥

σ
3 .

•
N
eile

vastava
kolm

e
p
easu

u
n
a
m
ääram

isek
s
asen

d
atak

se
saad

u
d
kolm

p
ea-

p
in
get

kord
am

ööd
a
v
õrran

d
isü

steem
i(2.17),(2.18).T

u
lem

u
sen

a
saam

e
iga-

•
le

p
eap

in
gele

σ
i
vastava

p
easu

u
n
a
su
u
n
ako

osin
u
sed

li ,m
i ,n

i ,
i
=

1,2,3.

•
P
easu

u
n
d
ad

e
p
rak

tilise
leid

m
ise

ju
u
rd
e
tu
lem

e
tagasi

ala
jaotu

ses
2.6.

S
õltu

valt
k
u
u
p
v
õrran

d
i
lah

en
d
ite

v
äärtu

stest,
saab

eristad
a
kolm

e
ju
h
tu
:

1.
K
u
ik

õik
kolm

p
eap

in
get

on
erin

evad
,siis

saad
ak

se
v
õrran

d
isü

steem
i(2.17),

(2.18)
lah

en
d
am

isel
kolm

ristu
vat

ü
h
ik
vek

torit.

2.
K
u
i
k
õik

kolm
p
eap

in
get

on
v
õrd

sed
,
siis

sob
ib

p
eap

in
n
ak

s
iga

vaad
eld

a-
vat

p
u
n
k
ti
läb

iv
p
in
d
.
P
rak

tilistel
kaalu

tu
stel

valitak
se

tavalistelt
ristu

vate
p
in
d
ad

e
kolm

ik
,
m
is

om
akord

a
m
äärab

om
avah

el
ristu

vate
p
easu

u
n
d
ad

e
kolm

ik
u
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3.
K
u
i
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s
p
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get
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kolm
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eist

erin
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,
siis

saam
e
m
äärata

sellele
kolm
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d
ale

p
eap

in
gele

vastava
p
easu

u
n
a,

m
is

om
akord

a
m
äärab

p
eap

in
n
a.

Ü
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u
d

kah
ek
s
p
easu

u
n
ak

s
sob

ib
m
istah

es
ristu

vate
su
u
n
-

d
ad

e
p
aar,

m
is
on

om
akord

a
risti

kolm
an

d
a
p
easu

u
n
aga.

K
asu

tad
es

p
eap

in
geid

saam
e
p
in
ge

in
varian

d
id

k
u
ju
l



I
σ1
=

σ
1
+
σ
2
+
σ
3 ,

I
σ2
=

σ
1 σ

2
+
σ
2 σ

3
+
σ
1 σ

3 ,

I
σ3
=

σ
1 σ

2 σ
3 .

(2.22)

•
P
in
ge

in
varian

d
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sõltu

m
atu

d
ko

ord
in
aatid

e
x
y
z
valik

u
st.

•
K
u
n
a
in
varian

d
id
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sõltu

m
atu

d
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ord
in
aatid

e
valik

u
st,

tu
leb

n
eid

vaad
el-

d
a
k
u
i
p
õh

ilisi
su
u
ru
si,

m
is
iselo

om
u
staved

p
in
get

vaad
eld

avas
p
u
n
k
tis

—
k
õik

p
in
gekom

p
on

en
d
id

on
m
ääratavad

läb
i
in
varian

tid
e.

2
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P
in
g
e
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n
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r

2
-
2
0

2
.5

P
in
g
e
te
n
so

r

V
aatlem

e
keh

a
m
eelevald

set
p
u
n
k
ti.

S
ed
a
p
u
n
k
ti

läb
ib

kolm
ko

ord
in
aattasan

-
d
it,

m
illel

m
õju

vad
kolm

n
orm

aalp
in
get

σ
x ,σ

y ,σ
z
ja

k
u
u
s
n
ih
kep

in
get

τ
x
y
=

τ
y
x ,τ

y
z
=

τ
z
y ,τ

x
z
=

τ
z
x
m
o
o
d
u
stavad

pin
geten

sori



σ
x

τ
x
y

τ
x
z

τ
y
x

σ
y

τ
y
z

τ
z
x

τ
z
y

σ
z


.

(2.23)
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teist
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ted

a
saab
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3
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m
aatrik
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P
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iselo
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u
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p
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n
d
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d
p
u
n
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n
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a
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saab
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äärata

p
in
gevek
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valisel
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a
p
u
n
k
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p
in
n
al

(v
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id
(2.14)).

K
äesolevas

k
u
rsu
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e
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e
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fü
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—
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ü
sikalist

su
u
ru
st,

m
id
a
en
n
e
teisen

d
u
st.

∗
K
u
i
see

n
ii

on
,
siis

on
gi

tegu
ten

soriga
(vek

toriga),
vastu

p
id
isel

ju
h
u
l
m
itte.

∗
V
astu

p
id
in
e
olu

kord
on

fü
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õtm

atu
.
P
ole

v
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p
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sõltu

k
s
ko

ord
i-

n
aatsü
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u
i
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p
in
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p
u
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tis.

•
P
in
geten

sor
ko

ord
in
aatid
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(x
,y
,z)

on
esitatu

d
k
u
ju
l
(2.23)
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n
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es

k
u
ju
l



σ
x

0
0

0
σ
y

0
0

0
σ
z


.

(2.24)
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=
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p
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d
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p
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=
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∣∣∣∣ }

.

2
.6
.

Ü
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