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u
d

2
.1
.1

V
ä
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sü
steem

iga
1.
S
ise-

ja
v
älisjõu
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u
d
u
d
eks

n
im

etatak
se

jõu
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d
jagu

n
evad

p
in
d
-
ja

m
ah

u
jõu
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täp
selt

sam
u
ti
k
u
i
sed

a
teh

ti
staatika

k
u
rsu

ses.

–
T
asap

in
n
alised

ü
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õttelist)

tü
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õju

vatek
s)

sisejõ
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õttelist)
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õju

m
ise

p
iirkon

n
as.

S
ellisel

ju
h
u
l
ei
saa

kogu
jaotatu

d
ko

orm
u
st

asen
d
ad

a
ü
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ijõu

d
–
N
,
v
ään

d
em

om
en
t
–
T
,
p
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jõ
u
d
u
d
e
m
ä
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lõiked

risti
telged

ega.
S
el

ju
h
u
l
saab

d
efi
n
eerid

a
p
ositiiv

sed
n
in
g
n
egatiiv

sed
sisep

in
n
ad

.
S
isep

in
d
a
n
im

etatak
se

po
sitiivseks

sisep
in
n
a
ks

k
u
i

tem
a
n
orm

aal
on

su
u
n
atu

d
ko

ord
in
aattelje

p
ositiiv

ses
su
u
n
as

ja
n
ega

tiivseks

sisep
in
n
a
ks

k
u
i
tem

a
n
orm

aal
on

su
u
n
atu

d
ko

ord
in
aattelje

n
egatiiv

ses
su
u
n
as.

3T
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äitek

s
N
-ep

ü
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ü
ü
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äitek

s
p
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õrran

d
id
,
p
ro
jek

teerid
es

k
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äitu

m
ise)

koh
ta.

1.
P
iirkon

d
ad

es,
k
u
s
lau

sko
orm

u
s
p
u
u
d
u
b
,
on

p
ik
i-
ja

p
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älin

e
lau

sko
orm

u
s
on

kon
stan

tn
e,

on
p
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ü
p
e,on

p
ain

d
em

om
en
d
iep

ü
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ü
ü
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õju

gu
v
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õju

m
ise

sih
ti.



2
.4
.

P
in
g
e
v
e
k
to
r,

te
m
a
p
ro
je
k
tsio

o
n
id

ja
m
ä
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täp

selt
sam

u
ti

k
u
i
si-

sejõu
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ü
lesan

n
ete

korral
2×

2)
tab

elin
a
n
agu

m
aatrik

seid
.

P
in
geten

sor
iselo

om
u
stab
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fü
ü
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steem
ist

(b
aasist)
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ü
h
e
su
u
n
aga

ja
tem

a
täh

istam
isel

kasu
tatak

se
ü
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steem
ist

(b
aasist)
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fü
ü
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õi

k
iiru

s
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ärit

p
rof.

A
.
K
lau

son
i
T
e
h
n
ilise

m
e
h
a
a
n
ik
a
lo
en
gu

kon
sp
ek
tist.)

•
N
orm

aalp
in
ged

σ
x
iselo

om
u
stavad

vard
a
telje

sih
is

m
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jõ
u
d
u
d
e
v
a
h
e
l

2
-
4
1

2
.7

S
e
o
se
d
p
in
g
e
te

ja
v
a
rd

a
sise

jõ
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õju

vad
sisejõu
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õh

iteoreem
ile

taan
d
ad

a
ristlõike
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jõu

ja
ü
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d
u
d
e
vah

el
on

v
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istlõikes

m
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õh

ju
statu

d
p
ik
ijõu
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ü
le
kogu

ristlõike
(v
rd
.
B
ern

ou
lli

h
ü
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b
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=
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(2.12)

k
u
s
k
on

kon
stan

t,
m
ille

m
ääram
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∫
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x d
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∫
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⇒
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=
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p
u
n
k
tid

es,
k
u
s
ko

ord
in
aat

z
om

ab
ek
strem

aal-
seid

v
äärtu
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m
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=
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p
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m
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=
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p
ain

d
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=
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=
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(2.18)
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=
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õh
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p
ain

d
ep
in
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p
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p
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p
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p
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p
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p
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+
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W
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+
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p
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p
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d
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õrd

vastu
p
id
ised

p
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p
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∑
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∑
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∑
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∑
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õh

jal
saad

ak
segi

n
ih
kep

in
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τ
x
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=

τ
y
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τ
x
z
=

τ
z
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τ
y
z
=

τ
z
y .
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p
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p
in
geseisu

n
d
i
all

m
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p
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∑
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z d
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⇒
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>
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p
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istlõike

raad
iu
sed

jäävad
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õrra.

S
eega

on
v
ään

d
ed
eform

atsio
on

om
a
olem

u
selt

n
ih
ked

eform
atsio

on
ja

algsed
ristk

ü
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rööp
k
ü
lik

u
listek

s.
N
u
rka

γ
n
im

eta-
tak

se
vä
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∫
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⇒
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Ü
m
ar-

ja
rõn
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sõp

etu
se)

k
u
rsu

stes
refereeritak

se
vaid

lin
eaarse

elastsu
steo

oria
raam

es
saad

u
d
tu
lem

u
si,

p
iird

u
d
es

tavaliselt
m
ak

sim
aalsete

v
ään

d
ep
in
gete

valem
itega

k
u
ju
lτ
m
ax

=
TW
t ,

(2.24)

k
u
s
W

t
on

ristlõike
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tatak

se
p
in
geid

p
o
oltelged

e
otstes
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iste

valem
itega

(jo
on

.
2.27):

W
t
=

π
a
b
2

16
,

τ
m
ax

=
TW
t
=

16T

π
a
b
2 ,

τ
B
=

16T

π
a
2b .

(2.25)

J
o
on
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2.27:

E
llip

tilise
ristlõikega

vard
a
v
ään

e.
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s
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ü
lik

u
lise

ristlõikega
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in
ged
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u
d
p
arab
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ol-
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om
avad
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ak
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alseid
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e
kesk

p
u
n
k
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es.
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istlõike
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u
rkad
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on
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d
ep
in
ged

n
u
llid
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on

.
2.28).

Iselo
om

u
lik

u
d
p
in
ged
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valem
itega
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m
ax ≡

τ
h
=

TW
t ,

W
t
=

k
h h
b
2,

τ
b
=

k
b τ

h .
(2.26)
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2.28:
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ep
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ged
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ged
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ü
lik
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atak
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ristlõike
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δ
on
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äike
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k
õrgu

sega
s
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on
.
2.29).

V
astavalt
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elile
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on

isel
2.28
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ristlõike
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k
h
=

0.333
=

1/3
ja

ristlõike
tu
gev

u
sm

o-
m
en
t
ja

m
ak

sim
aaln

e
v
ään

d
ep
in
ge

W
t
=

sδ
2
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,

τ
m
ax

=
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2 .

(2.27)

V
alem

id
(2.27)

keh
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d
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jaok

s.

2
.8
.

N
ih
k
e
p
in
g
ed

v
a
rd
a
ristlõ
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Õ
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d
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.
2.30).
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u
n
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p
ak
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s
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p
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p
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kon
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lih
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e
n
äid
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p
ak
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osas
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p
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v
äik
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õh
em
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osas

su
u
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.
P
ro
jek

teerim
e
jo
on

ise
2.30

p
arem

p
o
olsel

osal
k
u
ju
tatu

d
jõu

d
x
-teljele:

∑

F
ix
=

−
τ
1 δ

1 d
x
+
τ
2 δ

2 d
x
=

0.
(2.28)

k
u
st

saam
egi,

et

τ
1 δ

1
=

τ
2 δ

2
eh
k

τ
δ
=

con
st.

(2.29)
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d
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J
ärgn

evalt
tu
letam

e
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id
m
ak

sim
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v
ään

d
ep
in
ge

arv
u
tam

isek
s.
A
lu
stam

e
n
agu

tavaliselt
v
ään

d
em

om
en
d
i
ja

v
ään

d
ep
in
gete

vah
elisest

seosest(jo
on

.
2.31):

T
=

∫

A

ρ
τ
d
A

=

∮

s

ρ
τ
δd
s.

(2.30)

K
u
n
a
τ
δ
=

con
st

ja
ρ
d
s
=

2d
ω
on

kolm
n
u
rga

A
B
C

kah
ekord
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e
p
in
d
ala,

siis

T
=

τ
δ

∮

s

ρ
d
s
=

2τ
δ

∮

s

d
ω
=

2τ
δω

,
(2.31)
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ω
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ristlõike
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p
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d
k
u
ju
n
d
i
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d
ju
h
u
l
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p
in
d
ala
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t.
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.
2.32).
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d
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u
n
a
τ
δ
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con
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m
ak
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d
ep
in
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m
in
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e
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-
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s
n
in
g
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u
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õh

u
kesesein
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d
ristlõike
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gev

u
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en
d
i
v
ään

d
el

W
t
=

2ω
δ
m
in

(2.32)

saam
e

m
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aalse

v
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d
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in
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m
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valem
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τ
m
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=
TW
t
=
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.
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p
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õik
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in
ged

(1)

V
aatlem

e
tala,

k
u
s
m
õju

b
p
õik

jõu
d
Q

z
(jo

on
.
2.33).

T
eatavasti

on
p
õik

jõu
d
Q

z

lõikep
in
gete

τ
x
z
p
eavek

to-
rik

s.
P
õik

jõu
d

Q
z
esin

eb
alati

ko
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p
ain

d
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om
en
-

d
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M
y
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seega
m
õju

vad
vad

eld
aval

ristlõikel
ka

n
orm

aalp
in
ged

σ
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m
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a

sel
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ole
k
u
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tu
d
.
L
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s
eeld
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et
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on
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orm
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d
n
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tem

a
p
ealm
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e
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alu
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e
p
in
d
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n
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kep
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d
p
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gete
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jaotu

m
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sead
u
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ärasu
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selgita-

m
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s
teem

e
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d
ava

lõike
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e
p
arem

p
o
olsel
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on
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2.33

k
u
-

ju
tatu

d
alu

m
ise

osa
tasakaalu

.
N
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kep
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gete

p
aarsu

se
sead

u
se

p
õh
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m
õju

vad
vaad
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ava

vard
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p
ealm
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p
in
n
al

n
ih
kep
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ged

τ
z
x .

2
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.

N
ih
k
e
p
in
g
ed

v
a
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a
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s

2
-
6
6

J
o
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is
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jõu
d
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lõikep
in
ged
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E
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e

n
ü
ü
d

tala
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m
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v
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u
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p
ik
k
u
sega

d
x
,
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b
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u
u
tu
va”k

õrgu
sega

h
/2

−
z.

R
isttah

u
ka

otstah
k
u
d
el

m
õju

vad
p
ik
ijõu

d
√
z

N
∗1
6=

N
∗2
ja

p
õik

jõu
d
Q

∗1 6=
Q

∗2 ;
P
ealm

isel
tah

u
l
m
õju

b
p
in
gete

τ
z
x
p
eavek

tor
d
H
.
E
el-

d
ad

es,
et

N
∗2
>

N
∗1
saam

e
tasakaalu

tin
gi-

m
u
sest

∑

F
ix
=

0
avald

ad
a

d
H

=
N

∗2 −
N

∗1 .
(2.34)

E
d
asp

id
ises

raken
d
am

e
Ž
u
rav

sk
i 15

h
ü
p
oteesi,

m
ille

koh
aselt

on
lõikep

in
ged

talas
jaotu

n
u
d
ü
h
tlaselt

y
-ko

ord
in
aad

i
järgi.

S
eega

saam
e
valem

i

τ
z
x
=

d
H

b
d
x
=

N
∗2 −

N
∗1

b
d
x

.
(2.35)

N
ü
ü
d
on

õige
aeg

sisse
tu
u
a
ka

p
õik

jõu
ga

Q
z
ko

os
k
äiv

p
ain

d
em
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en
t
M

y
(jo

on
.

2.35).
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is
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P
õik

jõu
d
ja

lõikep
in
ged

(3)

T
äh

istam
e
vaad

eld
ava

risttah
u
ka

otsp
in
n
a
(jo

on
.
2.34)

p
in
d
ala

A
∗.
J
o
on

isel
2.35

on
see

p
in
d
v
iiru

tatu
d
.
N
ü
ü
d
saam

e
esitad

a
risttah

u
ka

otsp
in
d
ad

el
m
õju

vad
p
ik
ijõu

d
p
ain

d
em

om
en
d
i
kau

d
u
:

√
z

N
∗1
=

∫

A
∗

σ
x d
A

=
M

y

I
y

∫

A
∗

zd
A

=
M

y

I
y
S
∗y ,

N
∗2
=

∫

A
∗

σ
x d
A

=
M

y
+
d
M

y

I
y

∫

A
∗

zd
A

=
M

y
+
d
M

y

I
y

S
∗y ,

(2.36)

k
u
s
S
∗y
on

v
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d
p
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n
a
staatilin

e
m
om

en
t
y
-telje

su
h
tes.

2
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N
ih
k
e
p
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g
ed

v
a
rd
a
ristlõ

ik
e
s

2
-
6
8

A
rvestad

es
lõikep

in
gete

p
aarsu

se
sead

u
st

ja
valem

eid
(2.35)

n
in
g
(2.36)

saam
e

τ
z
x
=

τ
x
z
=

N
∗2 −

N
∗1

b
d
x

=
d
M

y

d
x

S
∗y

I
y b .

(2.37)

J
o
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P
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jõu
d
ja

lõikep
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ged
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R
aken

d
ad

es
d
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tsiaalseoseid
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e
kok

k
u
v
õttes

saan
u
d
valem

i,
m
is
on

ra-
ken

d
atav

m
eelevald

se
k
u
ju
ga

ristlõike
jaok

s:τ
x
z
=

Q
z S

∗y

I
y b ∗

.
(2.38)

S
iin

Q
z

on
vaad

eld
avas

ristlõikes
m
õju

v
p
õik

jõu
d
,
b ∗

on
v
iiru

tatu
d
p
in
-

n
a
”ü
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in
e
jo
on

m
õõd

e”(jo
on

.
2.36),

S
∗y
v
iiru

tatu
d
p
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n
a
staatilin

e
m
om

en
t

y
-telje

su
h
tes
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I
y
ristlõike

p
eain

ertsim
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en
t.
J
ärgn

evalt
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e
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leid
m
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m
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sp
etsiifi
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u
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is
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L
õikep

in
ged

ristk
ü
lik

u
lises

ristlõikes

R
istkü

lik

K
asu

tam
e
valem

it
(2.38)

ja
leiam

e
seal

kasu
tatavad

geom
eetrilised

su
u
ru
sed

ristk
ü
lik

u
korral:

I
y
=

bh
3

12
,

S
∗y
=

z ∗A
∗
=

...
=

b2

(

h
24
−
z
2

)

,

τ
x
z
=

Q
z S

∗y

I
y b ∗

=
...

=
6Q

z

bh
3

(

h
24
−
z
2

)

.

A
rvestad

es,
et

ristk
ü
lik

u
p
in
d
ala

A
=

bh
,
saam

e
lõp

u
k
s
valem

id

τ
x
z
=

32

Q
z

A

(

1−
4z

2

h
2

)

,
m
ax

τ
x
z
=

32

Q
z

A
.

(2.39)

S
eega

on
tegu

ru
u
tp
arab

o
oliga

ja
τ
x
z
=

0
k
u
i
z
=

±
0,5h

n
in
g
m
ille

m
ak

sim
u
m

on
koh

al
z
=

0.
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N
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k
e
p
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g
ed

v
a
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a
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7
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R
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g

J
o
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is
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L
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ged

ü
m
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K
u
n
a
ristlõike
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n
ih
kep

in
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p
u
u
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,
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u
tam

e
selle
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s
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p
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en
d
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s
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letam

e
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lõikep

in
ge

τ
x
z
leid

m
isek

s.
K
asu

tam
e
jällegi

valem
it
(2.38)

ja
leiam

e
va

jalik
u
d
geom

eetrilised
su
u
ru
sed
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korral:

I
y
=

π
d
4

64
,

b ∗
=

2
√

r
2−

z
2,

S
∗y
=

32

(r
2−

z
2
)

3/2
.

K
ok

k
u
saam

e
jällegi

ru
u
tp
arab

o
oli,

m
ille

m
ak

sim
u
m

on
koh

al
z
=

0
ja

m
is

on
n
u
ll
k
u
i
z
=

±
r:

τ
x
z
=

43

Q
z

A

(

1−
z
2

r
2

)

,
m
ax

τ
x
z
=

43

Q
z

A
.

(2.40)
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d
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L
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u
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e
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d
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x
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Q
z S
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I
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S
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n
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kep
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ü
ü
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e
ko
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a
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a
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x
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ü
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kep
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d
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u
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a
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isel
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il.

Ü
lem

in
ek

sein
alt

v
ööle

on
tegelik

k
u
-

ses
su
ju
v
(v
t.
jo
on

2.39)
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seetõttu
eiesin

e
tegelik

k
u
-
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ka

sellist
järsk

u
h
ü
p
et

n
agu
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jo
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isel
2.41.

O
n
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et
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lõikep

in
gete

τ
x
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p
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x
y
p
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öös

esin
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x
z
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lõikep
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ged

τ
x
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Ü
k
s
n
en
d
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äitek

s,
et

v
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õh

jal
saam

e
v
iim

asest
vale-

m
ist

τ
x
y
=

Q
z S

∗y

I
y t

=
Q

z sa
t

I
y t

=
Q

z sa

I
y

.
(2.42)

S
∗y
täh

istab
siin

v
iiru

tatu
d
p
in
n
a
staatilist

m
om

en
tiy

-telje
su
h
tes.A

rvestad
es,et

tala
v
öö

laiu
s
on

b
ja

sein
a
p
ak

su
s
δ,

saam
e

n
ih
kep

in
gete

τ
x
y
ek
strem

aalsed
v
äärtu
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jõu
d
I-talas.

V
alem

i
(2.42)

p
õh
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ü
ü
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ig
e
te

g
e
o
m
e
e
triliste

k
a
ra

k
te
ristik

u
te

ta
b
e
lid

T
u
gev

u
sõp
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