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Modern methods for studying the stress-strain state of solids use graphical methods based on
a stress-strain curve to determine the transition from elastic deformation to plastic
deformation. However, this approach is not formal and it is intended only for when stress
is a function of strain in the one-dimensional case. Cases, when strain is a function of the
stress, are also of practical importance. The purpose of the study is to develop formal rules
for determining the limits of applicability of Hooke’s law. The proposed analytical methods
for determining the transition from elastic deformation to plastic deformation are based on
consistent statistical sequential. In this article, quadratic forms are derived for calculating
the point at which the type of an increasing monotonous numerical sequence changes
from linear to non-linear type. With the help of these quadratic forms, statistical criteria
(approximation-estimation tests) are constructed to determine the limits of applicability
for Hooke’s law. These boundaries are defined as Markov moments. The novelty of the
results shows that it is possible to determine the yield point without visualizing the
experimental data. The numerical example of the application of a parabolic approximation-
estimation test is provided. From the results of this experiment, it can be concluded that the
analytical determination of the limits of applicability of Hooke’s law coincides with a visual
assessment. Approximation-estimation tests provide an opportunity to determine the limits
of applicability of Hooke’s law analytically.

Keywords: Hooke’s law, stress, strain, approximation-estimation test, least squares method,
Markov moments.

1. Introduction. The primary purpose of studying the properties of materials when
exposed to external forces is to establish a relationship between stresses and strains.
Sometimes displacements and deformations are determined by stresses and forces, and
sometimes vice versa, forces, and stresses are determined by displacements and deforma-
tions. The purest form of such a dependence arises during elastic deformations and is
expressed by Hooke’s law, which states that stress is proportional to deformation [1, 2].

For example, for uniaxial tension (compression) along the z-axis, this law can be
expressed by the simple formula o, = Fe,, where o, is the longitudinal stress, ¢, is
the relative elongation, E' is proportionality coefficient. This coefficient is called Young’s
modulus (for a fixed isotropic and homogeneous material, the coefficient E is a constant
value). It is important to note that during axial compression of the cylinder, in addition to
longitudinal shortening, transverse elongation occurs. However, in the transverse direction,
there is no stress. Therefore, the one-dimensional form of Hooke’s law generally cases
insufficient. Experimental studies have shown that under uniaxial stress in solids, triaxial
deformation occurs (except for individual cases of anisotropy) [3].

Transverse deformation under elastic tension (compression) is characterized by the
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Poisson coefficient of v, which is equal to the ratio of transverse and longitudinal
deformation with the opposite sign. Another important quantity is the shear modulus
G, which characterizes the material’s ability to resist shear. The following relationship
determines the shear modulus:

-
G=—,
Y
where 7 is the shear stress, -y is shear deformation. In a homogeneous isotropic material,
the shear modulus is connected with the Young’s modulus through the Poisson’s ratio:

here v is the value of the Poisson’s ratio for a given material [1, 2].

The shear modulus, Young’s modulus, and Poisson’s ratio are quantities characterizing
the elastic properties of a material. All of them are used in the generalized Hooke’s law [2].
For an isotropic material, this law can be represented:

1 z
Ex = E[Uw —v(oy +o2)], Yoy = %7

1 Tyz
5y:E[0y*’/(Uz+Uz)]a ’sz:%a

1 Tz
=% [0: — v(os + 0y)], Yoz = TG )

Continuous medium and internal stresses are abstract scientific concepts. They differ
from real crystalline lattices and laws of interatomic interaction. Therefore, Hooke’s law
is a model approximation of physical processes in solids. However, experimentally shown
that this law is observed with sufficient accuracy for the vast majority of materials, but
only within specified limits. The limits of applicability of Hooke’s law are limited to the
onset of significant deviations from the linear relationship between stresses and strains.
That is, if the relationship between deformation and stress is linear, then the calculation
of strength, stiffness, and stability is based on the paradigm of Hooke’s law. If the relation
between stresses and strains ceases to be linear, then Hooke’s law becomes inapplicable [3].
Such situations arise both in experiments and in theoretical studies.

If we study the dependence of the stress on the strain, the transition from an elastic
to a plastic state is characterized by a change in the type of increase in stress from linear
to logarithmic, for example [4, 5]. If the strain is a function of stress, then the transition
from an elastic to a plastic state is characterized by a change in the type of strain growth
from linear to parabolic or exponential, for example [6, 7].

The test results for the strength of various materials or the numerical modeling of
their properties are usually presented in the form of tabular functions. In most cases,
their analytical form is unknown. Currently used graphical methods for determining the
elastic-plastic zone boundaries using the stress-strain curve are relatively primitive. They
are intended only when the stress is a function of strain [8, 9]. Cases when strain is a
function of the stress are also it is crucial.

In this regard, it is of practical interest to obtain statistical criteria that make it
possible to determine the moment when the nature of the monotonous increase in the
tabulated value goes from linear to non-linear type.

2. Four classes of approximating functions. We will build these criteria in the
form of statistics based on a comparison of the quadratic errors of approximation of a
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numerical sequence in four classes of real functions: linear — f(z) = ax + b, incomplete
parabolic (without linear term) — f(z) = ca? + d, logarithmic — f(z) = gln(z + 1) + h
and exponential — f(x) = pe” 4+ q. We consider mappings defined on a discrete subset of
points {to, t1,...,tn,...} of the number line R. If all these points are equidistant, i. e. for
Vn: t, —th_1 = T, then such functions are called functions of discrete argument and
are denoted as f[nT], where T is the period of discreteness. The transition from linear
to non-linear dependence does not depend on the scale. Therefore, due to the similarity
transformation, the discreteness period T' can be to the unit one and consider in the further
the lattice functions as numeric sequences ¥, = {Yo, Y1, .- Yn,---}-

We will accept the agreement that the sequence v, is non-negative, monotonically
increasing, and a priori ¥, first changes “linearly” and then “nonlinearly”. For further
constructions, it is necessary to agree on the precise understanding of the terms: “linear
increase” and “nonlinear increase” of a numerical sequence. In this case, the evaluation of
the nature of the change in y,, is implied by the local. Not overall values y,, but only by
several elements yo,y1,. .., Yk—1-

We use the concept of an approximating function [10, 11]|. The approximation nodes
for the y,, numerical sequence are ordered pairs (i, y;), where 7 is a natural argument, y; is
the corresponding sequence values of y,,. Since the subscript of the sequence y, uniquely
identifies natural argument, then the approximation node (i, y;) will be identified with the
element of the sequence y;, we will call them “natural nodes”. The mapping f(z) from the
class of function X is an approximating function for the natural nodes o, 91,...,¥r_1, if
it is the most is close to these points (in a certain sense) among all the mappings from X.
The segment of the real axis [yo, yx—1] is called “a current interval of approximation”. It
is clear that all natural nodes yo,y1,...,yk—1, belong to [yo, yx—1]-

The sum of the squares of the differences y,, and f(z) with the corresponding the
values of the natural argument is called the quadratic error of the approximation of the

number sequence y,, by the function f(z) at the natural nodes yo,y1,. - ., Yk—1:
k—1
0% = (i) — ).
i=0

A real function f(x) of a certain class X approximates the numerical sequence y,, using
the method of least squares, if the following for quadratic form (5? is true:

k—1
52 _ . N 2.
j=min, (f() — vi)
=0
Such a minimum can always be found as 5? is a positive definite quadratic form [12, 13].
The quadratic errors for the linear, incomplete parabolic, logarithmic and exponential

approximations for the natural nodes yg,y1,...,yx—1 are respectively equal to:
k—1 k—1
GF(k) = (a-i+b—y)?  82(k) = (c-i*+d—y)?
i=0 i=0
k—1 k—1
B2k =S(g- i+ 1) +h-1)% k)= (p-¢+q—y)
i=0 i=0

Let m = min(67 (k), 6 (k), 62 (k), 62 (k)).
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We will assume by definition that increasing the number sequence y,, over the natural
nodes Yo, Y1, . .-, Yk—1 is linear if m = 6?(]@) Respectively: an increase in y,, is parabolic
in nature, if m = 62 (k), an increase in y,, is logarithmic, if m = 42 (k), an increase in y,, is
exponential, if m = 62(k).

3. Construction of “approximation-estimating tests”. When constructing
quadratic forms of “approximation-estimating tests”, besides the similarity transformation,
you can use one more trick, we will consider the values of the sequence y, at the points
Yo, Y1, - - -, Yk—1 assuming that yo = 0 [14, 15]. It is easy to achieve this condition at any
approximation step using a linear transformation:

Yo =Y — Y5, Y1 =Yj+1 — Y5, Y2 =Yj+2 — Y55 -+ 5 Yk—1 = Yj+k—1 — Yj-

We will calculate coefficients of the linear, parabolic, logarithmic, and exponential
approximation of the numerical sequence y,, over the natural nodes yo, y1,...,Yr_1-

First, using the method of least squares, we calculate the coefficients a, b of the linear
function f(z) = ax + b approximating the natural nodes yg, y1, - . ., yx—1. For this, we find
the local minimum of the function of two variables

k—1
fila,b) = (a-i+b—y)?
1=0

Calculate the partial derivatives of the function f;(a,b)

U 90 E:ﬂ4xw§:zf2§: i,
afl =2 Zz+2b21722y1.

By equating them to zero, we obtain a system of hnear equatlons for the unknown a and b:

k(k —1)(2k — 1) k(k—1) ey
f.a+7.b:;'[/.yi’

k—1
k(k—1)
k=S,
which implies
k—1 k—1
a= Z2z+1— i, 221@*1*31
i=1 =1

Then we calculate the coefficients ¢, d of the incomplete quadratic function cz? + d as
the local minimum for

k—1
fqle,d) = Z(c S d— )2
i=0
Differentiating f,(c, d) we find
of k—1
—q—QCZz —|—2de Zi2~yi,
=0
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%—2022 +2d21—22y,,

k(k — — 2_3k— _ k—1
(k= DEE-1EK —3k—1)  kE-DCE-1)  N~p2 N
30 6 £
k(k —1)(2k — 1) =
f~c+k~d:2yi.
We find that
k—1
30
- (6i2 — (k — 1)(2k — 1))y,
Tk —1)(2k — 1)(8k2 — 3k — 11) ; g ) )y
k—1
d= k—1)—1—5)y.
k(8k2—3k—11 ; 5i%)y

Using the method of least squares, we calculate the coefficients of the approximating
function gln(x + 1) + h. We find the local minimum of the function

k—1

falg:h) =Y (gn(z + 1)+ h—y,)*.

=0

We calculate the partial derivatives of the function f, (g, h)

of k-1
=9 In(i 4+ 1)(gn(i+1)+h—y;
9y =12l Dgluti+ 1 )
of, k-1
Sr =2 (i +1)+h—y),

=0

and equate them to zero, we find the system of equations

k-1
ngn (i+1) Jthlanrl Zln(iJrl)ym
i=1

=0
ngn(i+1)+kh: Zyi .
i=0 i=1
We find that - 1
_ k-4 Dy — > gIn(i+1)- Zl 1 Yi
X+ - (S n)
St i Mg (i 1) - S i+ 1) - S In(i+ Dy
= 2
kel W+ 1) = (245 i+ 1)

9
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Similarly, we calculate the coefficients p and ¢ for the function pe” + ¢, through finding
the local minimum of the function

T
L

fep,q) =) _(pe’ +q—u:)*.

@
Il
<

We calculate the partial derivatives of f.(p,q), equate them to zero, and solve the
system of linear equations

k—1
Ofe
=2 epe +q—vy;
% Z; yi),

k—1
dfe
f —22196 +q—yi),

’L
k—1 k—1 k—1
p-Y gy =Y ¢y,
=0 =0 =1
k—1 ) k—1
p-ze“rkq:Zyi-
=0 =1

We find that _ el o1
kzl 1692*21 g€ Zi:1yi
= 2
k‘zi;o e2i,(zk016i>
k—1 k-1 k-1 k-1
Zi:1yi'zl erZ_ZZ oe Z 1eyz
2
_ . k—1
k-Zizoegl—(Zz oe)

Now it is possible to construct three “approximation-estimating tests”, which are
designed to determine the moment when the increase in the monotonous sequence y,,
the numerical parameters of the solid, changes from linear to parabolic, logarithmic or
exponential.

“Parabolic approximation-estimating test” has the form

Oig(k) = 07 (k) — o5 (k).

If for the natural nodes yg,y1,--.,yx—1 the inequality (512q(k:) < 0 is satisfied, and for the
nodes ¥1, Yo, - . . , Yk, shifted right by one step of discreteness, the inequality sign changes to
the inverse 5Z2q(k) > 0, then we can say that near the point y; the character of increasing
of the sequence y, has changed from linear to parabolic.

Similarly, we define:

“logarithmic approximation-estimating test’:

“exponential approximation-estimating test”:
0je (k) = 67 (k) — 82 (k).
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4. Markov’s moments for the boundaries of elastic deformation. Consider a
physical or numerical experiment as a random process.

Let T =1,m — 1, a bounded subset of the natural series containing the first m — 1
natural numbers (we note right away that m can be arbitrarily large). Then the indexed
family &€ = {&,t € T} of random variables & = & (w) given for V ¢ € T on the same
probability space (2, F,P) is called a discrete random process [16, 17].

Each random variable ¢; generates an o-algebra, which will be denoted as F¢,. Then
the o-algebra generated by the random process £ = {&;,t € T} is the smallest o-algebra

containing all F¢, that is
m—1
ogl§)=o0 ( U .7-'&> .
t=1

A discrete random process £ = {&,t € T} can be considered as a function of two
variables £ = £(t,w), where ¢ is a natural the argument w is a random event. If we fix ¢,
then, as mentioned above, we get a random variable &, but if we fix a random event wy,
we get a function of the natural argument ¢, which is called the trajectory of the random
process £ = {&,t € T} and is a random sequence &;(wp).

We will consider only those random processes whose trajectories monotonically
increase. An arbitrary random w € ) event is to extract a sample X from the n-dimensional
Euclidean space E™. Theoretically, any point T € E™ can belong to the sampling X,
therefore, the o-algebra from the probability space (€, F,P) contains E", any finite set
X from the space E™, all possible countable unions of such sets, and additions to by him.
Denote this system of sets as S (E™) and call it “selective o-algebra” F = S (E™). The
same reasoning is valid for any o-algebra F¢,, therefore,

o(§) = S(E").

Note that this o-algebra is “poorer” than the Borel o-algebra — S (E™) C B(E"™).
Indeed, a countable union of at most countable sets is countable, therefore, S (E™) does
not contain intervals.

We will consider the problem of testing statistical hypotheses Hy and Hp [18]. There
are two hypotheses Hy: “the random sequence &;(wp) increases is linear”, and Hi: “the
random sequence & (wy), increases is nonlinearly”. Hy is called the null hypothesis, H; is
called the alternative hypothesis.

It is necessary to construct a criterion as a strict mathematical rule, to test the
statistical hypothesis. That rule accepts or rejects the hypothesis. Any statistical criterion
is based on a random sample X. Two cases are possible. The first one, a sample X, is
extracted from E™ simultaneously and has a fixed size. The second one, when a sample X
form at the period. Then its size is a random variable. In this case, the sequential analysis
and the construction of a stopping time are used [19-21].

Let (Q,F,P) be a probability space, then the indexed family of o-algebras
§ ={F,t € T} is called a filtration if for Vi,j € T'|i < j: F; C F; C F. Moreover, if for
VteT right Fy =0(&, i <t), then the filtration is called natural. The random process
& ={&,t € T} is said to be adapted to the filtration § if for V¢ € T : o(&) = Fe, C Fy.

Any stochastic process & = {&,t € T} is an adapted process with respect to its
natural filtration. The mapping 7: Q@ — T is called Markov moment [22] or stopping
time (with respect to the filtration §) if for V¢ € T the preimage of the set {7 < t} € F;.
In other words, let 7 be the moment of occurrence of some event in the random process
& ={&,t € T}. If for V ty € T, you can definitely say if the event 7 has come or not,
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provided that the values of & are known only in the past (to the left of #), then 7 is a
Markov moment with respect to natural filtration of §, random process £ = {&;,t € T'} [21,
23]. In this case for a random sequence & (wp) the natural filtration an adapted with process
is it the selective o-algebra S (E™).

In the case of the sequential statistical analysis, one can define the Markov moment
(or stopping time) of the experiment as the values of ¢ in which the change occurred like
an increase in the random sequence & (wp) from linear type to nonlinear type. As such, we
reject the null hypothesis Hy and accept the alternative hypothesis Hi. We write out the
values of 7 explicitly.

The transition from linear increase to parabolic growth — the Markov moment:

T =min{t | &, (k) > 0}.

The transition from linear increase to logarithmic growth — the Markov moment:
7 =min{t | §7,(k) > 0}.

The transition from a linear increase to an exponential growth — the Markov moment:
7 =min{t | 62 (k) > 0}.

5. Numerical simulation example. Let us consider the experiment results on
uniform bending by a concentrated force P of a cantilever beam of model material with
a single step of discreteness. It is required to determine the point in time when elastic
deformation turns into plastic deformation. We use the hypothesis that the beginning of the
plasticity development coincides with the point in time when the strains begin to increase
rapidly, and their dependence on the load ceases to be linear. We will write a “parabolic
approximation-estimating test” previously constructed for four natural nodes [14, 15]:

1
0iq(4) = 5z (1997 — 11y3 + 413 + 124192 — 64y1ys — 46y2y5).

The deformation values and values of the criterion §2(4) are given in the Table. Values
yp present in a dimensionless and normalized form. The stress is also normalized and
increases in the unit step. The symbol 62 denotes the criterion value under natural nodes:
Y1, Y2, Y3, Ya, the symbol 62 under nodes: ya,ys, Y4, Ys, etc.

The first members of y,, is increase almost linear, since 512(1 =47 753 < 0. Sign becomes
positive of the quadratic form 512q for nodes: y26 = 15.90, y27 = 16.47, ya2g = 17.26, y29 =
18.62. It means that the character of increasing y,, has changed and has become parabolic.
The graph of the numerical sequence ¥,, shown in Figure, confirms this.

6. Conclusion. “Approximation-estimation tests” allow, with some probability, to
determine the Markov moment in a physical or numerical experiment when the limit
of applicability of Hooke’s law is reached. A significant problem is related to the
sensitivity of “approximation-estimating tests” toward the length of the current interval of
approximation and step of discreteness. This problem is that by a tiny step of discreteness,
the change in any monotonic sequence will be linear, and to detect the occurrence of
nonlinearity, it is necessary to increase the length of the current interval of approximation.
Indeed, an increment of any smooth function is an infinitesimal quantity. It has been
known that, in a small neighborhood, this increment is accurately approximated by the
differential. However, as the argument increments increase, the differential approximation
ceases to be satisfactory. Therefore, there is no general answer to the problem posed. It
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Table. Values of the strain y, and values the criterion §%(4)

Figure. Strain-stress curve for uniform bending
by a concentrated force P of a cantilever beam

Step number | Strain id | Strain value | Criterion id | Criterion value

1 Y1 1.00 — —
2 Y2 1.51 — —
3 ys 2.03 — —
4 m 2.54 52 —0.11
5 Y5 3.05 52 —0.11
6 Y6 3.57 52 —-0.11
7 Y7 4.08 5 -0.11
8 s 4.59 5% -0.11
9 Yo 5.10 83 —0.11
10 Y10 5.74 52, —0.08
11 Y11 6.25 5% —0.13
12 Y12 6.76 52, —0.16
13 Y13 7.27 52, —0.11
14 Y14 8.08 5%, —0.04
15 Y15 8.60 52 —0.16
16 Y16 9.11 5% —0.26
17 Y17 9.79 52, —0.07
18 Y18 10.30 524 —0.14
19 Y19 11.03 8%y —0.14
20 Y20 11.61 52, —0.13
21 Y21 12.26 83, —0.20
22 Y22 13.29 625 —0.02
23 Y23 13.86 624 —0.28
24 Y24 14.63 854 —0.36
25 Y25 15.00 525 —0.21
26 Y26 15.90 556 —0.12
27 Y27 16.47 62, —0.09
28 yos 17.26 3¢ —0.27
29 Y29 18.62 859 0.14
30 Y30 20.52 — —
31 Y31 23.46 — —
32 Y32 28.17 — —

Strain

30

®
25}
.
20t .
.o
15} .o'.
...
o
10+ .“
o’
o*®
5 o +*®
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*®
% 10 20 30
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should bear in mind that the increase in the number of natural nodes of approximation
inevitably entails a geometric increase in the computational complexity of constructing a
quadratic form for these tests.

The following thought gives some relief to the mind. If the discreteness step is so small
that the approximation parameters of the stress-strain state of a solid still change linearly
in the current interval, then the corresponding mathematical models can be built within
the paradigm of generalized Hooke’s law. On the other hand, proposed “approximation-
estimating tests” allow us to determine the boundaries beyond which Hooke’s law’s use
becomes incorrect. By the way, this law has usually used for small deformations. Therefore,
admitting freedom of speech, it can be said that the “approximation-estimating tests” allow
not only to determine the boundaries of the application of Hooke’s law but also to formally
approach the determination of the quantitative value of small deformation, for each fixed
structural material.
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IIpu coBpemeHHBIX crIOCOOAX WCCIIEIOBAHKS HAIIPSKEHHO-Te(DOPMUPOBAHHOTO COCTOSIHUS
TBEPJBIX TEJI W OIPEJe/IeHNsI TOYKHU MEePEeX0oJa OT YIPYroil K IJIACTUIECKO# gedopMariun
(ToukM mpezena yupyrocTu) UCHOIb3yIOTCA rpadrdeckue MeTo/bl, OCHOBAHHBIE HA BU3YaJlb-
HOI OIIeHKe KPUBBIX HANIPsizKeHus—nedbopmanun (quarpamm gedopmuposanusd ). O IHAKO 3TOT
MO/IXO/T, HE sIBJISIETCsT (POPMAJIbHBIM U TIPEIHA3HAYEH TOJIBKO JJIsi CUTYaIUil, KOT/1a HaIpsizKe-
Hue — 310 (yHKIMA OT medopmanun B ogqaoMepHoM ciydae. Ciydan, korga jgedopmarus
eCThb (PyHKIMS OT HATPY3KH, TAKZKE HIMEIOT OOJIBIIIOe TpaKTH4Ieckoe 3nadenwe. e ctareu —
mocTpoerune (hopMaJIbHBIX MPABUJI JJIsl ONPEJIEIeHNs] TPAHUIl TPUMEHNMOCTH 3aKoHa ['yka.
IIpenmaraemble aHAIUTHYECKHE METOMBI OCHOBAHBI Ha IOCIEIOBATEILHOM CTATHCTHIECKOM
aHasm3e. BoiBeeHbl KBaApATUIHbIE (DOPMBI JJIs BBIYUCIEHUS TOYKHU, B KOTOPOW THI BO3-
pacTaronieii MOHOTOHHOM YHCJIOBOH IIOC/Ie€0BATEIbHOCTH U3MEHSeTCd OT JIMHEHHOIO K HeJlu-
ueitHoMy. C IIOMOIIBIO TAKUX KBAAPATUIHBIX (DOPM CTPOATCI CTATUCTUYECKUE KPUTEPUH JIJIsT
OIIEHKY T'PAHUI] IPUMEHUMOCTH 3aKOHA ['yKa, KOTOpbIe OIPEIesIsSIiOTCs KAaK MapKOBCKHE MO-
MeHTBHI. HOBU3HA pe3y/IbTATOB COCTOUT B TOM, YTO MPEIEST yIPYTOCTH MOYKHO BBIYHC/IUTH 663
BU3YaJIU3AINH SKCIEPUMEHTAIbHBIX JAHHBIX. | |[pUBOINTCSA YNCTIEHHDIN TPUMED TPUMEHEHUS
1apaboIMIECKOTO allPOKCUMAIIMOHHO-0IIEHOIHOT0 KpuTepus. I1lo pe3ynbpraram sToro skcme-
PUMEHTa MOXKHO CJIEJIATh BBIBOJ, YTO AHAJUTHYECKOE OMpeeeHNue IPAHUI] TPUMEHUMOCTH
3akoHa ['yka COBIamaeT ¢ BU3yaJIbHOM OIEHKON M AlIPOKCUMAIIHOHHO-OIIEHOYHbIE KPUTEPUU
MTO3BOJISIIOT (POPMATIBHO BBIYUCIATDH IPEIeIbl IPUMEHNMOCTH 3aKoHa ['yKa.

Kmouesvie caosa: 3akon ['yka, HampsizkeHne, aedopMaliisi, alpOKCHMAIIMOHHO-OIEHOYHBIN
KPUTEPUii, METO/, HAUMEHBIITNX KBaJIPATOB, MAPKOBCKUII MOMEHT.
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