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NONLINEAR HOOKE LAW IN THE THEORY OF ELASTICITY
OF INHOMOGENEOUS AND ANISOTROPIC BODIES

Abstract. Directly from the physical connection with the nonlinear Hooke law, the components of the stress
tensor of a rigid deformable body and new nonlinear equations of the theory of elasticity with an asymmetric stress
tensor are derived, as a special case we obtain equations with the linear Hooke's law. The Lame hypothesis and
Lame's equations do not have a physical connection with Hooke's law, this is their falsehood. Lame took as a basis
the approximate formula of the incomplete differential and suggested in his hypothesis the proportionality of the
stress tensor components to the symmetrical half of the given incomplete differential of displacement, and the
antisymmetric half of the differential is discarded, which is the result of the false symmetry of the Lame stress
tensor. The new nonlinear equations are approximated by an explicit scheme, with the use of which the elastic state
of a flat bar is numerically calculated with the normal and tangential stresses acting on the upper face. The same
scheme is applied to the Lame equations. The obtained patterns of displacements distribution clearly demonstrate the
difference in the solutions of the comparable systems of elasticity equations, as well as the discrepancy between the
solution of the Lame equations for a given state of the deformed body. The falsity of Lame's equations is confirmed
theoretically and physically.

Keywords: tensile, tangent, normal, stress, tensor.

1. Tangential stresses according to the generalized Hooke's law

Hooke's law is an assertion according to which the deformation arising

in an elastic body, is proportional to the applied force. It was discovered in 1660 by the English
scientist Robert Hooke.

It should be kept in mind that Hooke's law is satisfied only for small deformations. If the
proportionality limit is exceeded, the relationship between stresses and strains becomes nonlinear. For
many media, Hooke's law does not apply even for small deformations. The derivation of dynamic
equations with an asymmetric stress tensor according to Hooke's linear law is given in [1]: F =ku, k>0,

F =uiF, =vj F,=wk, u= ui + vj+wk — vector of displacement, where F=F, +F, +F,— external

force that causes displacement.

In inhomogeneous media composed of bodies with various elastic properties or in anisotropic bodies
whose properties depend on direction, Hooke's law can be nonlinear

F=ku™i+k v™j+k w™Kk, k,>0,k, >0k, >0 (1.1)
For exponents of 1 and k =k =k =k, (I.1) becomes Hooke's linear law for an isotropic

medium, hence the exponents must be odd numbers [2], which will be confirmed below by the properties
of hyperbolic equations of anguish. Suppose that on the plane y; force is associated with the movement
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under the generalized law F, = k ju"*i> similarly force F, =k, ujyvi on the surface y, =Yy, Ty,

oy >0.

The increments of forces and displacements between layers are equal:
oF =F, -F =k u)*i—k u™i=k ou™i, su™ =u}* —u™ >0.

, in this case the force increment is directed along the x axis: SF ™1 i.

Let |F2|>|F1
Y m
k B -
, E,=k,U,"i
‘.2 — T =
) oF =F, -F
5y 2 =Py
Y.L L -
<1
— u
F ku i
1
X
P 4

Linear density is introduced f = SF /&S y, oF =o6yf - By definition, the average tangent stress
vector Pyav = F parallel and equally directed with a force that causes this voltage p,,,, ™ OF,
z

Po TTF.

By the introduction of the proportionality coefficient, the following bonds are formed:

f=k'p,..k>0, Syf =k'p .Sy, p,.. 1T,
K, Sy=k, Su™i

This expression is multiplied scalar by the unit vector i :

(K'P, 0, 5Y5i)=(k , Su™ i, i)

As result

(k'pyxavé‘Y’i):k"pyxaV 5y’ (kué‘umu i’ i) = kué‘umu

5y|i| cos0”=k'p,,,

k, ou™
Equalities k'p,,,, 0y =k 0 u™, P :E Sy in the limit give a tangential stress

~ lim k,ou™  ou™ _k, 20
Pk oy My Tk
Tangential stresses in other directions are obtained analogously:
o™ ou™ ow™ ow™ o™
= E— ’pxz = _ ,p = _ ’p = B —

nyzﬂvgapzx o

The asymmetric shearing stress formulas are derived for causing stretching of the body of an external

force F=F, _|_Fy +F -

— (4 ——
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-
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Vb4 - e m.
kuti
i
X

Fig |

The elastic force in the deformed body according to Newton's third law is equal to the external force
with a minus sign F,=-F. Consequently, the linear Hooke law for elastic forces will have the form

F, =—ku,F, = —kui—kvj—kwk. A similar representation for Hooke's nonlinear law
F,=-ku™i-k v™j-k w™k
Suppose that on the plane y1 the force is connected with the displacement along the nonlinear law
F.=k uulm”i , similarly acts force F,,, = k u3*i onsurface y, =y, + 0y, oy > 0.
The increments of forces and displacements between layers are equal:
oF=F,,—-F_ =k ui+k u*i=-k odu™i,

ou™ =uy* —u™ >0.

Let |F2| >|F1 , in this case, the force increment is directed against the x axis: §F 14 j. Linear
density is introduced f = §F / 5y, 6F = Syf -
iy oF
By definition, the average tangent stress vector Py =—,00 = 0X0OZ parallel and equally

directed with a force that causes this voltage

Py ™ OF, Py ™.
The input of the proportionality coefficient formed a bond:
f=kp,..k>0, 5yf =k'p .0y, P, Vi, kp , dy=k su™i

yxav ?

This expression is multiplied scalar by the unit vector I

(K'P 0, Sy,i)=-(k, Su™1, i)

As aresult
(K'P o OYA)=K|P | Sy [i] cOS180°=K'p,, , Sy, -(k,Su™i,i) = —k,5u™
Equalities
k, ou™
kp.. oy=k ou™, =t
pyxav y u pyxav k, §y
in the limit give a tangential stress
p _1im55umu_ qu™ _£>0
X0 K Sy Ho oy Ho k'




Uszeecmus Hayuonanvuot akademuu nayk Pecnyonuxu Kaszaxcman

Similarly, tangential stresses are obtained in other directions:
o™ ou™ ow™ ow™ o™

R A T i

In this way, the stress formulas for external forces coincide with formulas of the action of elastic
forces, therefore further conclusions are made only for external forces.

2. Relation of Normal Stresses to Hooke's Law

A similar argument establishes the formula of the component pix normal Voltage
p, =Adiva i+p], .

Let the external forces be equal: F; = kuuin“i on surface X; and F, =k uj"i on surface
X, =X, +0x,0x > 0.

The increments of forces and displacements between layers are equal:

— _ — IIlu°_ mys __ m, 5 m, _ mu_ m,
oF=F, -F =k u,"i-ku™i=k ou™i, sSu™ =u,* —u™* >0.

. o oF
By definition, the average stress vector P, :5—,55 =0yoz parallel and equally directed
(o}
with a force that causes this voltage OF TT1, F,|>|F|.
Through the linear density §_— @ ,OF =6xf, = k"po equalities SF =k" 5Xp0
X xxav xxav?

" 0 _ m, e
k"oxp,.., =k, ou™i
This expression is multiplied scalar by the unit vector i :

(k"5xp°.. i) = (k,Su™i,i)

xxav?
: o .
Vectors are parallel in structure Do ™ i
Therefore, they occur in scalar products

(K'Sxpl, 1) =K' Sx|pl, | fil-cos0” =K'Gupl,, (k,Su™i,i)=k su™.

k, ou™
s 1! 0 m, 0 _u )
The result is K 5prxav —ku§u , whence Pixav K ox
In the limit, the formula for the component of the normal stress
o _pp K, ou™ o™ k,
= lim — = =—.
P Tox M M T
The same reasonings also show the components of normal stresses in other direc
tions:
ou;™
o__ i | '_1 2 3 — — — — — —
Pi=H x H _Eal_ o5 U EWU, EVU; =EWX) =XX) SY.X; =2

1
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The same formulas for normal stresses are obtained for the elastic forces in a solid deformed body

Thus, the nonlinear Hooke law corresponds to an asymmetric stress tensor in a solid deformed body:

my

: out ..

=6 Adiva+ ps,, &; = g‘,u:l,zﬁa 2.1)
j

u=u 1i +u, J +u 3k - the vector of displacement. In normal stresses ﬁgjidivu by Lama is preserved,

5ji - the Kronecker symbol.

3. On falsifications and inapplicability of Lame's equations in the nonlinear theory of elasticity
of anisotropic bodies

Linear equations of the theory of elasticity of a solid deformable body

2

gu_
pO 6t2

constructed according to the hypothesis of Lame on the symmetry of the stress tensor

P F + (A + p)graddivu + pAu 3.1

ou,
= Ao diva+2ue;, & :2(6x o —),p;; = p;i=1,2,3, (3.2)
A, u— the Lame coefficients.

The Lame hypothesis is that the elements of the strain tensor ¢ should be equal to the doubled
symmetric strain rate tensor, that is, doubled the first half of the artificial formula

3 1 auj 1 8u auj .
N o iy =123, 33
Z 2 8X.) [ Ox ! 3-3)

i i

(the second antisymmetric half of (3.3) is ignored [3-11]).
The formula (3.3) is formed from the incomplete differential of displacements

3
_ Z aui 1Xj,i:1’2’3’ (34)
OX

j=1

3
(Here is the total differential: du = — d Z = E Y 4t + du ).

j=1

Thus, in [3-12] the Lame stress tensor (3.2) does not correspond and does not follow from Hooke's
law. Obviously, already by construction, it is not suitable in anisotropic media, especially in the nonlinear
Hooke's law.

The above physical method of the author of constructing the stress tensor of an elastic body according
to Hooke's law is the opposite of the Lame hypothesis and exactly follows the definition given by
Timoshchenko in [3]: “The main task of the theory of elasticity is to find, according to the external
forces acting on the solid body, those changes in shape that the body undergoes, and those internal
elastic forces that, with these changes of form, arise between parts of the body."
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Figura 1

To compare Lame's equations (3.1) with new equations with asymmetric-a tensor of stresses in an

isotropicbody #, = 1, = H, = 1
o’u .
Lo gy = p,F + Agraddivu + pAu (3.5)

displacements in a square deformable bar measuring 0.1 m by 0.1 m have been calculated.

| Fas oo x T - -
K —— Ll Olw DlEs OdM D 002w
.1 Odga [ D06 (i 002w | |
r‘ ‘ ."I ) I."l 1 I'-\.I u=nitvj {
\ \ !1g - | .
| | J E Y !
| L w=nitvi |/ g \ | y-component v of [
| i ! 5 !
¥-component v of | _ . |on the upper sde / %
on the upper side | | 2 | |barofy= {}.l. m S
barofy=01m ! 1% 1
.r ! I,' ] h I
i II'I I '\, new equations _.,-"f _
the L amé I', I|I 17 ILI‘"-_ ! 2
equation, | ] x g
| s h, / T
|II g \ - A
S 1 . 1
L L M R e ; el el et g0 Lk

Figura 3 Figura 4
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The vector of external force Py =Py + P,y =Pyl +P,J is directed at an angle to the upper plane

of the bar. In Fig. 1 and 2 there are the fields of displacement vectors W = ul+ vj> in Fig. 3 and 4
transverse velocity diagrams on the upper side of the bar, all at time t = 121.38 s. Body density
Py = 7800xr/m” - Specifically laid pyy=-1H/’, p,=10 H/™M’. The other edges of the bar are rigidly
fixed, the displacements on them are equal to zero. The Lame coefficients are chosen equal to A =1
ke/(c*m), 1 =100 kg/(c*m). The two-dimensional Lame equations (3.1) and the new equations (3.5) are

realized by explicit schemes [2] on a 100x100 grid with a time step equal to 0.0005s. A clear difference
between the numerical solutions, especially the vertical displacements on the upper side of the bar in Fig.
3 and 4.

0 IMV new equations %ZIH/ME e}-:_lH/M- 0.1, the Lame equation B 1H/ :_1H/M
A e
B T nenanattAAAA SRS N RS NN —————
\\\\\\\\\\ R A AN B AR R NN BN
I S A St AR R B B

0.08 *\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ Pt A A BN

B AR 008 T N I T s
A BB S POt N
PP L R R R A SR F A VL AL BN A
S TG S
mkmimrF\mmrfmii\HHmm A I s 2
. - DO Pt ﬁﬁ_gwp::::jjj:;’
=0:!11muuuuuu!ulumuul -’ §EEEEEEEE§E§%§ZE
RERESS RS SRS RR RN RN NN A N sttt i

oas L ELEH TV T e
sEEI R R R LR R R AR AN ST e

A AR R R R N s 1
I e uy= I I Il I I Tul=0
Fooooo R . . p'= RSt ta e L

0_.'_.‘|‘..|‘..|.H|..‘|x 03‘}‘{'|“.'.‘.'i.'.'il'f("'l'(’."’i;
u=0 0.02 v=0 004 0.06 0.08 0.1m 0.02 4=0 0.04 y=() 0.06 0.08 0.1m
Figura 5 Figura 6

In Fig. 4, the movement of particles of the upper side of the bar y = 0.1 m occurs downward, which
is confirmed by negative values of the transverse displacement v with respect to the new equations. In Fig.
3, Lame equations have positive values for the transverse component of the displacement, which
contradicts the direction of the action of the external force.

In Fig. 5 the displacement field for the new equations; Fig. 6 the field of displacements by the Lamé
equations. Stresses act on the entire upper side of the bar. The results of FIG. 1 £ 6 practically confirm the
falsity of the Lame equations with a symmetric stress tensor.

4.Equations of nonlinear anisotropic theory of elasticity according to the generalized Hooke's
law with an asymmetric stress tensor

u. ..
Leaving from Hooke's linear law [1], the elements of the strain tensor & ;; = 8—1 ,1,]51,2,3 are
X .
j
directly equal to the coefficients of the incomplete differential (3.4).
The asymmetric stress tensor of the generalized Hooke's law
m,

i

SO Adivat g, 5 =S i=123 @

1
j
in the equations of the dynamics of a continuous medium in stresses
o’u, op;
Li=1,2,3
Po Q=72 ot = pK ; 5XJ
— 69
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form non-linear equations with exponents in accordance with the generalized Hooke's law

52 o . .
e —=pF+4 levu + uAui=1,2,3
i
5. Rationale for the oddness of entire exponents of degree

Equations (4.2) with Cartesian coordinates
3 2. .m;

82u 0 !
F +A—divu+ —)—1=1,2,3
a T2 IOO a 1 ﬂl; a)Cf
are represented in a differentiated form
o’u, 0 o ,oul
E+A—divu+ uy — 1=1,2,3,
Po—=72 ot = Po ox, H ox J ( X, )>
ou’™ o Ou.
where i —mu™ i
0x, o,

Obviously, the equivalent equations

82u 0 .
E +1—divu+ g —(mu™ - 04, ,1=1,2.3
2 - Ph ox, o ox, ( j)

for odd exponents of

Po s

are equations of  hyperbolic type only
=1;3;5,7;9 u mo., m; =m,,m, =m_,m, =m,, foralways mu™"'>0.

6. Explicit diagram of the equations of an anisotropic nonlinear theory of elasticity

The Cauchy-Dirichlet problem for the new equations
o*u m
p0_2:p0Fx +ﬂ’@+ﬂuAu "
ot ox

o’v op

Po =7 P = Pk, +ﬂ“5+ﬂvAV s
oO’w op m
Po¥=00F2+/1§+ﬂwAW "

ou ov  ow
p = + +
ox oy oz

with the initial conditions:

=d,(N),w],,=d, (),

= d, ).y

ou ov ow
_t=0= o r'1‘_t=0= v r’ t=0= wwW r
\d()at\dmat\d()

and boundary conditions on the boundary §' .
V= 0,0, wl=q, (1),

u‘sz q,(r),
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In the integration region, a uniform grid is defined

Q = {x; =ih,,y; = jh,,z, =kh 0 =i =N ,0 =j=N_,0 =k =N}, and a time grid
Q ={t, =nz,n=0,1,..,N_}.
Notation of grid functions: f, =f(x;,y;,z,,t,)-
Initial conditions are specified in internal nodes: U.9 = duijk,V%k = dvijk,W%k = dwijk,
= dyy + 7 Ve = dy +7d =d. +ud
I=i=N_-LI=j=N_-Ll=k SNZ -1
Explicit difference scheme:
(:2?“ . [( 1_]k)rrh 2( 1_|k)rrh +( Jrl_]k)mu ( _|1k)nh 2( 1_|k)n11 +( ﬁlk)mu +
ijk hi hy
(ui}k-l)m“ - 2(u5k)mu + (uﬁkﬂ)m
+ hz
( 1Jk)mV Z(VEk)mv +( 1+1Jk)mV L(Vg.lk)mv _2(\75?1()mv +(V§+lk)mv n
i 5
n (ng-1)mv - 2(ng )mv + (ngﬂ)mv
2
hZ
(Wnuk)Inv 2( Uk)mv + “}iiljk)% i(“}i}-lk)% _2(“’;}1()% +(W§+1k)m”
hi | hf, +
(Wi )™ = 2w )™ + (Wi, )™
jk-1 ijk ijk+1
+ h2 + PoEi I,

z

uijk vijk vvijk s W wijk wwijk 2

PoFi I;

anijk = [—

OFyijk I,

qujk =4[

n+1
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T hy
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X
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This scheme has a second-order error in all variables O(7°)+O(h

i

) - The stability

)+O(h§) +0(h?
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X

of the scheme is ensured by the fulfillment of Courant's condition:
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Fig. 7 shows the displacement field according to Hooke's linear law m =1,m =1 j; an anisotropic

body, in Fig. 8 in an isotropic body.
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Obviously, the difference in the coefficients leads to different displacement fields, hence to different
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Figura 9 - Displacement field u = ui + vj
by a nonlinear Hooke law of degree 3
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Figura 10 - Displacement field by a linear Hooke law

Fig. 9 shows the displacement field in an anisotropic body by Hooke's non-linear power law

m, =3,m, =3. On the horizontal sides of the bar are given the Neumann boundary conditions are put on

u

the lateral sides

M _0. Yo
Ox OX

Lame coefficients in an anisotropic bar:

A=104.4xg / (c’m). 1, =80kg / (c'm). 11, = 40kg / (c*m)

In Fig. 10 shows the displacement field in an anisotropic body according to Hooke's linear law
m,=lm, =1

CONCLUSIONS

The physical conclusions of the normal and tangential stresses prove the asymmetry of the stress
tensor in a solid deformed body both for the isotropic Hooke's law and for an anisotropic, including
nonlinear one. Concrete examples of numerical calculations of the state of an elastic body show the
inadequacy and inconsistency of the hypothesis of the symmetry of the stress tensor of a continuous
medium and, accordingly, of the equations of the Lame elasticity theory.

The asymmetry of the stress tensor opens up wide possibilities for the modeling of displacements in
a solid deformed body, which is shown by the application of Hooke's law in the anisotropic body of Fig. 7
and Hooke's nonlinear law of Fig. 9.
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K. b. ’Kakpin-reri

KP BFM Marematuka skoHe MaTeMaTHKAJIBIK MOJIEIeY HHCTUTYThI, AnMaTel, KazakcTan
On-Dapabu aterHnarel Kaz¥y

CBI3BIKCBI3 I'YKTBIH 3AHBI BIPTEKTEC EMEC
KIOHE AHU3OTPOIITHIK JEHEJIEPAIH CEPIIIVIIMAIK TEOPUACBIHIA

Annoranusi. Tikenel ChI3bIKCHI3 ['YK 3aHBIMCH KATThl MaWbICKaK JCHEJCPAIH KEpHEYJep TCH30PBIHBIH
KOMIIOHCHTTEPI IIbIFapbUFaH. JIaMeHIH eKiHIII eceNieyIIiHiH OaFbITTaH TOYEIAUITi ecenteiareH. MalbICKaK KaTThl
JICHCHIH CEpIUTIMIIK TEOPUSCHIHBIH KEepHEYJep TCH30PBIHBIH OeTTecrereHiri nonenneHreH. OcbIFaH Ccoikec
MaMBICKaK KaTTHI JICHEHIH CHI3BIKCHI3 CEPIUIIMIIIK TCOPHSCHIHBIH TCHICYNEpi xkacajblHFaH. JlaMe rumorte3achiHia
TONBIK eMeC KBUDKY Iu(QepeHInanbHpH OeTTeCKeH XapThICHl KaHa TNalJalaHFaHBl KOPCETUIreH, eKiHII
AHTHOETTECKEH JKApPTHICHl JIAKTHIPBUIBIHFAH, COHBIH caljapbiHaH JlamMe KepHeyliep TeH30pPbIHBIH OeTTeCKEHIIr
weikkad. JKana TeHaeynep yiriH 2 perTi HaKThUIBIFBI 0ap aiiKbIH CXeMa KaCallbIHFaH, COHbI MaiiIalaHbIN JKa3bIK
JKOJIAKTBIH CEPIUTIMAIK KYHI CaHallFaH, YCTIHI1 )KaKTaybIHbIH OPTACBIHBI )KaHaMa KepHEyJep XOHE TIK KepHeylep
acep erkenne. Jlon conpmait cxema Jlame TeHneynepiHe e KosimaibiHraH. CaHaFaH JKbUDKYJIAPIbIH YJIECTIPYIIIK
CypeTTepi CaJbICTBIPBIHBIN KATKAH TEHJACYJIePIiH alblpMaIlIbUIBIKTapbiH OcitHeneiini xone Jlame TeHuey- nepiHin
MaibICKaK KaTThl ICHEHIH KYHiHe colikec eMecTiriH kepcereni. Jlame TeHaeysepiHiH )KalFaHIbIFbl TEOPUSUIBIK JKOHE
(u3uKanbIK TYpriaTTa OeKiTiireH.

Tipek ce3mep: aHU30TPONTHLIBIK, CO3BLTY, KEPHEYJIEP, TEH30D, TCHICYJIEP.

YK 539.2/.6
K.B. Ixakynos

WucTtuTyT MaTeMaTHk 1 MareMaTtryeckoro moaenupoannss MOH PK, Anmartsl, Kazaxcran
Kazaxckuit Hanmonanbubiii YHEBEpCUTET HM. ATTb-Dapabu

HEJIMHEWHBINA 3AKOH I'YKA B TEOPUM YIIPYTOCTH
HEOJHOPOJHBIX U AHU3O0TPOIIHbIX TEJI

Annoranus. HenocpenctBeHHO U3 GU3NIECKON CBSI3U C HEMMHEHHBIM 3aKOHOM ['yKa BEIBOISITCS KOMITOHEHTHI
TEH30pa HaNpsHKCHUH TBEPAOTO Ie(GOpMHUPYEMOTO Tesla M HOBHIC HENMHEHHbIC ypaBHEHHS TEOPUH YHPYTOCTH C
HECUMMETPUYHBIM TEH30POM HAIPSHKEHUM, KAK YacTHBI Cloydail MOTy4arOTCsl YPaBHEHHs C JIMHEHHBIM 3aKOHOM
I'yka. 'unore3a Jlame u ypaBHenust Jlame He umeroT Gu3nuecKoi CBsA3M ¢ 3aKOHOM ['yKka, B 3TOM 3aKJIFOUaeTCsl UX
¢anpmmBocTh. Jlame B3sin 3a OCHOBY HpHONMKeHHYIO (Gopmyiy HemosiHOro nuddepeHirana 1 MpeArnoaoKuI B
CBOCH THIIOTE3€ IPONOPLHOHAIBHOCT KOMIIOHEHT TEH30pa HANpPSUKEHUM CHMMETPUYHOW IOJIOBHHE JIaHHOIO
HernoJyHoro auddepeHnrana CMEIeH s, TpUYeM aHTUCHUMMETPUYHas ToJIoBHHA auddepeHnrana oTopacsBaercs,
CJIE/ICTBMEM 4Yero spisiercst (anbuivBas CHMMETPUYHOCTh TeH30pa HampsbkeHuit Jlame. HoBble HenuHeiiHbIe
YpaBHEHMs aNMpPOKCUMHUPYIOTCS SBHOW CXEMOM, C IPUMEHEHHEM KOTOpPOH YHMCIEHHO PacCYUTaHO YIPYyroe
COCTOSIHHE IUIOCKOTO OpycKa NpH JCHCTBYIOIIMX HA BEPXHEH I'paHW HOPMAJIBHOM M KacaTeJIbHOM HAaIpSDKEHHSX.
Takas xe cxema npuMeHeHa Ui ypaBHeHHH Jlame. IlomydeHHbIe KapTHHBI paclpeAeieHUsl CMEIIEeHU HarIsagHO
JIEMOHCTPUPYIOT pa3ivyle PEIIeHUH CPaBHUBAEMBIX CHUCTEM YPAaBHEHHH YNPYroCTH, a TaKXKe HECOOTBETCTBHE
pemieHust ypaBHeHui Jlame naHHOMY COCTOSIHMIO JedopMmHupyeMoro Tena. TeopeTHueckw M (DU3MUECKH IOATBEp-
JKIeHa QarbIIBOCTh ypaBHEeHUH Jlame.

KioueBble cj10Ba: pacTsHKEHUE, KacaTelbHOE, HOPMAIIBHOE, HAMTPSKEHH S, TEH30D.
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