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The review is dedicated to the relatively new problem in structural engineering: localization of the response by structural
irregularities. This review is aimed to outline all relevant discoveries in the response localization in mechanical problems (vibration,
buckling) from the perspective of the common mathematical representation through Sturm-Liouville problem. Two possible
approaches to analyze the influence of the disorder are discussed: exact dynamic stiffness formulation of the mistuned structure and
the perturbation of the eigen solution of the tuned structure. Both approaches shown to lead to the same localization phenomena end
exponential decay of the eigenvector from the source of disorder. In the section dedicated to the buckling mode localization the
approach to analyze localization of the randomly disordered multi-span beam based on the Furstenberg’s theorem in presented. The
examples of the localization phenomena in the real engineering structures are given.
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Introduction

The problem of structural response localization can be dated up to as early as the famous article by Anderson [1]
where he studied the conductivity in disordered solids. His research attracted a considerable interest in the solid-state
physics [2, 3, 4]. The similar phenomena of localization was discovered in the structural mechanics by Hodges and
Woodhouse [5, 6]. Their pioneering study in the field of vibration localization of mistuned structures started a new field
in structural dynamics [7, 8, 9]. The logical continuation of the research led to the analysis of the localization
phenomena in elastic stability where several approaches to analysis of the buckling modes localization are known [10,
11]. Despite the fact that these two problems have a completely different physical backgrounds they all have one
common mathematical representation. Both problems of structural vibrations and elastic stability are generally
governed by the same Sturm-Liouville differential equation. Therefore, all these problems can be studied either by the
analysis of the transcendental eigenvalue problem arising from the straightforward implementation of the Sturm-
Liouville equation to each structural member of the mistuned system and assembling the total dynamic stiffness
equation [12] or perturbing the eigen solutions of the tuned problem [13].

This article gives outlines of the field of response localization in disordered structures from the perspective of the
generally common mathematical formulation. It is shown that all structures corresponding to the Sturm-Liouville
problem exhibit the same kind of the response localization defined through the fundamental coupling to disorder ratio.
It is further shown that the eigenvalue pass and stop bands exist both in the vibration and buckling problems in
disordered structures. Vibration and buckling modes both decay from the disorder following the Lyapunov exponent.
Exact eigenvalue analysis and the asymptotic analysis methods further shown to solve the governing Sturm-Liouville
equations.

Vibration localization

This part of the review is mainly focused on the localization phenomena in the dynamic response of the multispan
beams. They have a wide range of implementations in engineering from railway rails to multi-span columns and above-
ground pipelines. Even aircraft parts can be modeled to some level of accuracy with multi-span beams (fuselage,
wings). Therefore, the problem of predicting the dynamic response of such structures naturally arises.

Hodges and Woodhouse [6] were the first to design a simple experiment to show the localization of vibration and
to predict the results of the experiment using a simple coupled pendulum model. Their experiment consisted of the
excitation of the string with concentrated masses shown in Figure 1.The idea was to excite the string and to measure
frequencies and vibrational modes of the string with masses evenly spaced and with one span between masses being
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Figure 1. String with discrete masses [6]

slightly different from the others. In such a way the comparison of the dynamic response of the perfectly periodic string
and the string with a disorder in the single span was made. Then these results were predicted using the n-coupled
pendulum model shown in Figure 2.
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Figure 2. n-coupled pendulum model [6]

The authors showed that the frequencies of the periodic ordered string appear in groups called pass bands. It
means that in the frequency space there are special regions where frequencies do appear in high density and there are
regions where frequencies do not appear at all. The schematic example of the band nature of frequencies in the ordered
string is shown in Figure 3.
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Figure 3. Band structure of the frequency space

It is apparent from the figure that indeed frequencies appear in groups. It should be emphasized that the number
of frequencies within a single band is equal to the number of masses on the string, or in general case, to the number of
spans in the multi-span beam. To explain such behavior one should consider » pendulums coupled to each other by n —
1 springs with stiffness k& each as shown in Figure 2. Each pendulum has its natural frequency o,. If A, is a
displacement of i-th pendulum, then its motion will be governed by

A(@f = +2k)=kA,, +kA, . ()

Here Q represents frequency of the whole model.

If pendulums are assumed to be identical then all natural frequencies are identical as well w; = Q. Each pendulum
displacement will be written as A, = A =e™ falls in the range [0, 7] and stands for different modes of vibration.

After substitution of A, in equation (1) and extracting @’ :

o] = +2k(1-cosg). 2)
It is apparent from equation (2) that squares of the natural frequencies of the structure lie in bounds:
Q<o <Q’ +4k. 3)
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These bounds are known as a pass bands of the periodic structure.

Profound analysis of the pendulum equation of motion (1) gives the insight on the basic properties of the pass and
stop bands. Indeed, the number of frequencies within a single band is equal to the number of pendulums, the band width
is defined by the coupling stiffness k. If £ — 0 than the structure degenerates into » independent pendulums with their

own natural frequencies and the band degenerates into a single point @” = Q. It is apparent from equation (3) that the
lowest frequency within the band corresponds to such a mode of vibration of the whole system when all pendulums go
in the same direction, while higher frequencies correspond to the modes with opposite signs.

After the analysis of the ordered periodic system was performed the authors introduced a small disorder by
assuming the length of the i-th span to be L, + AL, and studied the mode localization in the string and explained this

phenomena with the disordered pendulum model. They showed that the mode shapes and hence the degree of
localization depend only on the ratio of coupling to disorder. They also managed to use the coupled pendulum model to
predict the exponential decay of the vibrational amplitude from the disordered span or pendulum.

Another approach to study the localization phenomena in vibrations was described by Pierre et al. [14]. They
considered a simple two-span beam with a torsional spring in between the spans. The torsional spring stiffness ¢ was
used to model the coupling between spans. One span was assumed slightly different in length from the other, where the
difference is some small non-dimensional number Al . The proposed structure is governed by two coupled Sturm-
Liouville equations of the kind:

d

E{p(x)i{—f} +q(xX)W =-Ar(x)W . 4

In such model it was advantageous to use a modified perturbation method. According to this method the disorder
is firstly introduced in the unperturbed system and the interface between the two beams is assumed rigid (clamped) in
the unperturbed configuration 1/c =0 . The perturbation was then introduced by replacing the clamped support with a
spring with a very high stiffness resulting in 1/¢ — 0. According to such formulation the perturbation is assumed to be
small. Therefore the first order expansion of the frequency is:

o=w,+30+0(1/c%). (5)

Where dw is the first order perturbation. Substituting equation (5) into the governing the equation of movement
the authors calculated the eigenmodes of the perturbed system which showed to be localized at one of two spans. The
perturbed modes are shown in Figure 4.
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(a) Mode1 (b) Mode 2
Figure 4. First two eigenmodes of the perturbed two-span beam [14]

Hence, the asymptotic analysis showed strongly localized mode shapes that form a linear combination of the
mode shapes of each span.

Only the general outline of the research dedicated to wave localization in disordered structures is presented here.
More profound analysis of the localization in the real dynamic structure is kept for another occasion. For instance, it can
be shown that if an above-ground pipeline with multiple supports has some level of mistuning introduced through
irregularities in the support placement is dynamically excited, its modes of vibration will be highly localized about the
disordered span. It can be further shown that the mode amplitudes decay following the Lyapunov exponent. The similar
behavior takes place even when all spans are randomly disordered and the disorder is evenly distributed along the
length. Such phenomena is also observed in the elastic stability problem discussed below.

Localization of the buckling modes

The localization phenomena in buckling problems were first discovered by Pierre and Plaut [15]. They studied a
2-span beam by means of perturbation analysis on the eigenvalues and the eigenvectors of the structure. Later, Li et al.
[10] considered a general n-span beam with a disorder localized in a single arbitrary span. They applied finite difference
calculus to form a transitional operators that governed the transition of the bending moment from span to span. Xie [11]
studied a general n-span beam in which disorder was assumed distributed randomly in all spans.

Generally, the elastic stability of the disordered nearly periodic structure is performed in two different ways. It is
either analyzed in the straightforward way by constructing appropriate transition operators [10, 11] or through small
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perturbations on eigenvalues and eigenvectors of the governing structural matrix [15]. Both approaches are further
discussed.
Consider a multi-span beam in Figure 5. All spans are identical and have length L and bending stiffness £/. Each

support contains a torsional spring with stiffness A, which models coupling between spans. The beam is subjected to
the axial compressing force P. Angles of rotation of the beam at each support are given by 6,.

The governing differential equation that accounts for the interaction between spans can now be derived from a
Sturm-Liouville equation

k'.' k’N
6, 6y P
1 2 i-1 i N

Figure 5. Multi-span beam [11]

(Look at equation (4)) replacing p(x) with a beam-bending stiffness EI, ¢(x) with axial compressing force P and the
non-zero right side is expressed in terms of the bending moment that is translated between spans:

2
) )
dx dx

where M, the bending moment on the i-th span yet to be determined, W,(x) is the lateral deflection of the i-th span. In

M (©)

order to determine the moment M, consider the moment equilibrium at the i-¢h support. An arbitrary span is cut out of

the system and drown in Figure 6 with acting forces and corresponding displacements. Indexes R and L denote that the

bending moments and lateral forces are taken from the right and from the left side of the support.
-1 L,EI ]
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Figure 6. Equilibrium of the i-th span [10]

It is apparent from the figure that moment equilibrium is defined as:

MFE [ x, M! x
ity ﬁ_l =1 ﬁ‘ 7
EI \ L, El L
Therefore, the governing differential equation can be written in the following form:
" 2 Mlil Xi ML Xi
W'+ AW =—=2|—+-1|-———. ®)
EI \ L, El L
This is a non-homogeneous differential equation with constant coefficients and its solution is known:
ME ([ x M x
W (x)=C, sin(Ax,)+ D, cos(Ax,) + —=| =L -1 |- —-L. 9
(x) = C;sin(2x,) + D, cos(x,) EI(Li]PL,. ©)
C, and D, —are yet unknown coefficients. They can be found from the boundary conditions:
wl _,=0; w| _ =0. (10)
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Therefore, C;, and D, are defined as:
_ M cos(4L) . M MY

i

: ; D o=
' Psin(AL)  Psin(AL) ' P
After substitution of equation (11) in solution (9) the deflected shape of i-th span W (x,.) can be written. Then,

i

(11

after taking first derivative and substituting x, =0 and x, = L,, the equations for rotation in each support is formulated:

M AL, cos(AL, M} AL,
01;1 — > i-1 1— I'COS( z) — i 1— y i ; (12)
ALEI sin(AL,) ALEI sin(AL,)
R L
0 - ]2\4i_] - ./1L,. : j\/[l. - iLi.cos(iLi) ' (13)
ALEI sin(AL,) | A'LEI sin(AL,)
Bending moments at supports can now be expressed in terms of rotational angles:
mt =250, +c0) Mi=-2E (25040, (14)
Here s and c are stability functions, which are derived from equations (12) and (13) in a straightforward way:
AL, [sin(AL,) = AL, cos(AL,)] AL [AL, —sin(AL)] (15)
s = ; c= -
4 [2 —2cos(AL,)— AL, sin(AL, )] 2 [2 —2cos(AL,)— AL, sin(AL, )]

Thus, the general stability functions that express moment-rotation dependence for any multi-span beam are
developed. They can be used to formulate transitional operators or to define a characteristic equation for the buckling
load parameter.

The simplest structure consisting of a 2-span beam analyzed by Pierre and Plaut [15] is considered first. In this
model one span is assumed to have slightly different length from the other one. This difference AL is considered as a
measure of disorder. Such a system is presented in Figure 7.

-
P L,EI L,EI P
il D@ iy
1 2 3

Figure 7. Two-span-beam model [15]

After introducing the disorder, span lengths are defined as L, =L—-AL, L,, =L+AL. And non-dimensional
spring stiffness is y = k, L / EI . Substituting these values in equations (14) and considering moment equilibrium at the i-
th support M —M | =k 0, the characteristic equation for the buckling load parameter / is stated to take form:

(AL, +7) ALy sin(AL,)coS(ALy;) —(A” + 7 )sin(AL,, (AL, ) sin(AL,;) +

+ (/12L23 +7) ALy, coS(AL,,)SIN(ALyy) — A*Ly, Lyy coS(ALy,)sin(ALy,) = 0. (16)

The corresponding buckling modes for each span are:
W,y (x)= 4, {sin(ﬂx) —Lisin(ulz) s Wy (x)= A [x—L, L, (1-cos(ALy) + cot(AL,)sin(AL,,)) ] (17)

12
In equations (17) 4; and 4, are undetermined scaling constants for modes. The relation between these constants
in terms of system parameters and arbitrary constant 4 is given as:

A4 =4 [7/ sin(AL,,)—y AL,, cos(AL,;) + LB/I2 sin(AL,, )} ; A, = AAsin(AL,,) sin(AL,;). (18)
Now the influence of a disorder on the mode localization in the two-span beam can be analyzed. It should be

pointed out that the response of this mechanical system is fully determined by two parameters: disorder magnitude AL
and the strength of coupling .

Pierre and Plaut discussed two limiting cases in their article [15]: the case of weak and strong coupling. For each
of these cases they numerically solved the equation (16) to define critical buckling load parameters for two lowest
modes 4; and A, for different values of disorder. Substituting these values in equations (17) corresponding buckling

modes were derived. The 4; and A, curves as well as corresponding buckling modes for weak and strong coupling
cases are plotted in Figure 8.
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Figure 8. Influence of the disorder on critical buckling force for strong and weak coupling [15]

Strong inter-span coupling corresponds to small values of y — 0 and means that each span response separately
from another. It is apparent from figure 8(a) that 4; and A, give two well-separated buckling modes and disorder

doesn’t influence the buckling behavior. The eigenvalue loci do not approach to each other and no localization of the
modes occurs.
Weak inter-span coupling corresponds to high values of y . The authors obtained eigenvalue loci curves in figure

8(b) for y =600 . Here the eigenvalue loci approach each other and the smallest distance between them is reached for

AL =0 . This phenomena is known as eigenvalue loci veering. In the veering point, buckling modes become degenerate
and are no longer linearly independent. Even small disorder of the system dramatically changes buckling modes in the
veering point and mode localization occurs.

Their analysis was extended to cover the response of the multi-span beam in Figure 5 by Li et al. [10]. They
assumed that the disorder in the system is introduced through any single arbitrary span being slightly longer or shorter
than others. This difference in length was called length imperfection AL . The authors used finite difference calculus
approach to study the transition of the response of the system from span to span.

Their approach involved a so-called transition operator which was defined from the moment equilibrium at i-th
support and hence operates stability functions (equation (15) and equation (15)):

M} -M}=k0,. 19)
Then, substituting equations (14) they derived the angle transition equation:
(0., +6_)+4(s + )8, (20)

where y is a non-dimensional coupling and s and ¢ are stability functions.
In such a way, the transition operator T, which defines continuous transition of parameters between spans, was
written as: 6,, T 6,. As aresult, equation (20) can be rewritten using the transition operator

i+1

[c(T+T")+4(s+7)]6, =0. Q21
Equation (21) is a finite difference equation. Its solution is written in the form:
0, = Ae” . (22)
After substituting equation (22) in equation (21) one obtains:
cosh g =~ 2847 23)
c

Three cases of cosh¢ depending on values of y were considered: cosh¢ <—1, cosh¢ e[—l,l] and cosh¢g>1.
For coshg>1: ¢, =14, ¢= cosh™ (—MJ and the solution is written as:
c
0 = Ae” + Be" . (24)
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: 2(s+
Here 4 and B are arbitrary constants. When coshg<-1: 4, :i(a+j7r) , a=cosh™ (—Mj and the
c

solution is:
0, = (Acosh(ai) + Bsinh(ai)) cosh(ri) . (25)

c
6, = Acosh(fi)+ Bsinh(fi) . (26)

Now consider periodic n-span beam in which (i+1)th span has a length imperfection AL . The beam is assumed

to be divided into three parts: two parts contain a large number of equal spans (name the first and the third parts) and the
second part contains a single disordered span. The problem is solved for the first and the third parts in a straightforward
way substituting solutions (24), (25), (26) into equation (21), boundary and continuity conditions. The second part is
analyzed substituting solutions (24), (25), (26) into equation (21) and shape functions as well as (28) boundary and
continuity conditions with original length L replaced by a length with imperfection L+ A L . The algebraic details of the

If coshg e[-1,1]: ¢, =%, f=cosh™ [—Z(S—mj and the solution is:

substitution can be found in [10] and are omitted here to make the argument more transparent.
After performing all operations for each part of the beam, six homogeneous algebraic equations were derived for
each case. Writing them in a matrix form gives:
K (AH)W=0. 27)
This is an exact dynamic stiffness formulation of the current problem. In equation (27), K is a
transcendental matrix, which has an intrinsic dependence on critical buckling load parameter 4
through the stability functions, W is a vector of displacements of all nodes in the system (currently
W contains only rotational degrees of freedom, which is not the case in general formulation).
The equation (27) is valid when either W =0 or det[K(A)]=0. Because W =0 stands for the trivial case,
when no buckling occurs
det[K(1)]=0. (28)
is the criteria from which critical buckling load factors A are calculated. Then, substituting A in the solution of
governing differential equation (9) corresponding buckling modes for each span were calculated one by one.
The authors ran this analysis for two types of coupling: weak coupling » = 0.3 and strong coupling =10 . For

each type of coupling 11-span beam with different cases of disorder placement was analyzed. For the strong coupling
case, 100-span and 400-span beams were also considered in order to observe strong buckling mode localization near the
disordered span. For the further details, the reader is referenced to the original paper [10].

In figure 9(a) the buckling modes for a beam with 100 spans are shown. It is shown in figure 9(b) that the
envelope of buckling modes is indeed an exponential function. Hence, it is concluded that buckling mode amplitudes of
a disordered longitudinally periodic structure exponentially decay from the disordered span.

WA log(W) N\

-3- ‘~ - o O N>
> 20 25 30 35 40 45 50 55 60 1

20 25 30 35 40 45 50 55 60 i
(a) Envelope function for buckling modes (b) Envelope function for buckling modes

Figure 9. Buckling mode localization in multi-span beam [10]

Now we are in a position to define the strict mathematical formulation of the exponential decay of the buckling
response. Consider the beam in figure 5 to be randomly disordered. It means that each span has a small but random
length imperfection. This case is the closest to the real structure because spans of the multi-span beam are never
perfectly identical. Usually, each span slightly varies in length and this variation is random in nature. The model of the
randomly disordered multi-span beam was studied by Xie [11].

129



ISSN 2305-9001. BicHuk HTYY «KIl». Cepis mawnHobyaysaHHa Ne2 (74). 2015

Adopting his notation each span length is L, and each flexural stiffness is k, = E/ /L, while the averaged
quantities for the whole structure are L and k. Spring stiffness are defined by k, . Stability functions vary from span to
span along with L,. However, it is possible to define them in invariant form. This form is derived from equations (12)

and (13) separating the random quantities L, and simplifying:

5o A,(1-24, cot(4,)) : z (1-24, cot(4,))(24, —sin(24,)) (29)
' tan(4,)— A, " (tan(4,)— A,)(sin(24,) =24, cos(24.))

Then, transition equation is:
SiiCiaiki O + (5 ki + 5k + k)0, +5,¢k6,, =0 (30)
Xie introduced non-dimensional quantities k, = E1/EIL,, k, =k, / k and defined transition operator in a matrix

form:
0 _SHIE. 0 +sk +k 86 ¢k,
x; =T;x;_;, xiz{;}; T; = s,ck, cl; 31
' 1 0

Hence, the transition equation for the whole beam is written as:
Xp =TnTn_1...T2x1 . (32)
The disorder was assumed to be random, independent of other spans and have a common probability distribution.
Such assumptions result in matrices T, being independent and identically distributed. Then, the response of the system
x; is defined as a product of random matrices T;. Products of the random independent matrices follow the rule defined
by Furstenberg’s theorem [16]. According to this theorem if:

1. T, are non-singular, independent and identically distributed,
2. each matrix 7; =T,(¢) where ¢ is a random vector with probability density p(¢),
3. x, %0,

4. hm In[det(T;) - det(T5)...det(T,, )] =

then:
kﬂ In|7,T, ;.. Tixo| =2 >0, (33)
and
yg In|7, 7, .|| = 2. (34)
Therefore, it is easy to show that: !
kg—L4qp"_gg In|T,T, ;.. Tx | = 4. (35)
Hence, for large n: " "
[l = e ] (36)

Equation 36 is a mathematical form of defining the rate of buckling mode amplitudes decay from the disorder and
can be treated as a quantitative description of localization. Indeed constant A defines the average exponential rate of
change of the norm of the state vector, which in this case is the vector of angles of rotation. This constant is known as
Lyapunov’s exponent.

Lyapunov’s exponent can be found considering the product of matrices 7, . Let B, =T,T,,_;...T,, hence

x, =B,x;. 37)

Take the Euclidean norm of the vector x,,:

2 T pT
lull; = xuo6n = X1 By 1. (38)

Let the eigenvalues of the 2x2 matrix BI B, to be o, and, o, whereo| =0, , o2 =02, and o7 > o> . Each

max 2 min
eigenvalue corresponds to its eigenvector: o, —> ¢, , 0; —>e, .

Compose Rayleigh quotient:
xTB,{ B,x

b
xTx

R(x) = (39)

therefore,

130



ISSN 2305-9001. Bichuk HTYY «KTI». Cepia mawmnHobyaysaHHs Ne2 (74). 2015

T pT T pT
2 e, B, e 2 e B,e
Omin = 2 n22 > Omax = ! n21 ; (40)
21 Jeall;
according to the properties of the Rayleigh quotient:
G]iin < R(x) < Griax (41)
substituting equation (39) and equation (40) into equation (41) on obtains:
O i xl” < "xn " S O "xz " . (42)
Taking a limit of the inequality (42) one obtains inequality similar to equation (35):
.1 .1 .1
lim——Ino,, =lim——In ||xn || 2lim——Ino,,, . (43)
xow g —1 x—wp—1 xow g —1
From which the Lyapunov’s exponents are defined as:
ﬂ’l = ﬂ‘max = lim 1n O-max (44)
e/ |
and
.1
ﬂ’2 = ﬂ’min = hm ln Gmin . (45)
X—>0 n —

Conclusions

The results have shown that firstly the nearly periodic structures in vibration and buckling are capable of respond
qualitatively same fashion. The localization of the response is governed by the disorder to coupling strength ratio.
Hence to possible types of localization are possible: strong and weak localization. Both of them can be analyzed using
either a straightforward eigenvalue approach or the perturbation techniques.

In case of the weak localization disorder dramatically influences the behavior of the structure resulting in the
vibration or buckling modes being highly localized in the area of disorder. If the disordered is randomly distributed in
the structure the localization still occurs and can be analyzed from the properties of the product of random transition
matrices.

All longitudinally nearly periodic structures in buckling exhibit strong localization of modes near the disordered
span. Which means that the buckling mode amplitudes will be the largest near the disordered span and then
exponentially decay from this span. Such behavior is very easy to observe in the railway rails. If assembled without
gaps that account for the thermal expansion, the rails are under high axial compressing load and naturally should loose
its stability and buckle along the whole length. However, this is not what is happening in the real structure. Actually,
rails buckle in a much localized fashion having high lateral displacements near the disordered span and almost not
deforming far from the localization area. This behavior was observed all multi-span beam models with a single
disordered span or if the disorder is randomly distributed.

Aunnomayus. [Jannwiii 0630p nocesujern OMHOCUMENbHO HOBOU 6 UHICEHEPHOU NPAKMuUKe 3a0aye, a UMEHHO (HeHOMENRY IOKANU3aYUL
omeema 3a cuem HeynopaooueHHocmu KoHcmpykyuu. Llenvto ob3opa asnsemca dame obwee npedcmasienue 06 UCCIE008AHUAX 6
obnacmu OKAIUIAYUU OMeema 6 MeXaHUYecKux cucmemax (KoneOanus u NOMeps YCMOUYUSOCMU) C MOUKU 3PeHUs eOUHO20
Mamemamuyecko2o npedcmagienus yepes saoauy Llmypma-Jluyeunns. B cmamve paccmampuaromes 08a 603MONMCHbIX NOOX00A K
ONUCAHUIO BNUAHUS HEYNOPAOOUEHHOCIU., AHATUMUYECKUT NOOX00 C UCHONb308AHUEM OUHAMUYECKOU MAMPUYbl HCeCmMKOCMU Ois
AHATU3A HEYNOPAOOYEHHOU KOHCIMPYKYUU U MEMOO 8030YHCOCHUsL CODCMBEHHO20 PeuleHus YROpa0odeHHOoU KoHempykyuu. Tlokazaro,
umo oba nooxooa aoeKeamHo ONUCHLIBAIOM (HeHOMeH NOKAU3AYUU, U C UX NOMOWDLIO BO3MOICHO NOAYUUMb IKCHOHEHYUATbHOE
3amyxanue CcoOCMBEHHO20 6eKMOpa Npu yOaieHuu Om UCMOYHUKA HeynopsdouenHocmu. B uacmu cmamou, noceswjennoi
JIOKAU3aYUY HopM nomepu yCMOUUUBOCHIU, ONUCAHO NOOXOO Osl AHANU3A JIOKAAUIAYUU OMEEema 6 KOHCMPYKYUU €O CAVYAuHO
pacnpedenennoll HeynopaooueHHocmyio. Januuviil no0xo0 basupyemcs Ha uzeecmuoii meopeme Dropcmendepea. Takoce npusedensi
npumepbl nposeeHUs IPPeKma T0KATU3ayUL OMmeema 6 PeanbHblX UHHICEHEPHBIX KOHCIMPYKYUSAX.

Knrwuesvie crosa: noxkamuzayus omeema, pacnpocmpanerue 6011, NOMeps YCmoudugocmu, Heynopsoo4eHHoCmy, HeOOHOPOOHOCHTb,
0030p.

Anomauia. Jlanui 0enad npucesaueno 6i0HOCHO HOGIll NpobieMi 8 iHJCeHepHill npakmuyi, a came eHoMeHy ToKanizayii 8i02yKy 3a
PAXYHOK Hesnopsiokoeanocmi koncmpykyii. O2na0 Hanpaeienutl Ha me, wWood 0amu 3a2anvhe YA6IeHHs PO O0CAIONHCeHHS 8 00nacmi
noKanizayii 8i02yKy 6 Mexamiynux cucmemax (KOMUSamus, empama CMIuKocmi) 3 MOUKU 30pY €OUHO20 MAMEMAMUYHO2O0
npedcmasnenns uepe3 3adauy Ilmypma-Jliysana. B cmammi po3ensinymo 06a MOJNCIUSUX NIOXOOU OO0 ONUCAHHA GNIAUSY
HEe6NOPOKOBAHOCI. AHANIMUYHUL NIOXI0 3 SUKOPUCMAHHAM OUHAMIYHOL Mampuyi HCOPCMKOCMI Ol AHANI3Y KOHCMPYKYIl 3
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HEOOHOPIOHOCMAMU | MeMOO 30Y0)CEeHHs 6]1ACHO20 PO36'A3KY 6nopaokosanoi koncmpykyii. Ilokazano, wo obudea nioxoou 30ammi
a0eKeamHo onucamu Qenomen aokanizayii 6i02yKy, i 3 ix 0ONOMO2010 MOXMCHA OMPUMAMU eKCNOHEHYiliHe 3aMYXAHHS BIACHO20
6exmopa npu 8i00anenti 8io dxcepena HeOOHOpiOHocmi. B uacmuni cmammi, wo npucesuena noxkanizayii popm empamu cmitikocmi,
ONUCAHO NIOXIO 0118 AHANI3Y KOHCMPYKYIT 3 6UNAOKOB0 PO3NOOIIEHUMU HeOOHOpIOHOCmAMU. [lanuil nioxio Oasyemves Ha meopemi
Dropcmenbepea. Taxoc HasedeHi npukiIaou BUHUKHEHHS eqheKmy ToKanizayii i02yKy 6 peanbHux iHAHCeHePHUX KOHCMPYKYIAX.
Knrouosi cnosa: nokanizayis 6i02yKy, po3no6cro0iCe s X8ulb, 6Mpama CMIuKoCni, HegnopsaoKo8aHicmy, HeOOHOPIOHICMb, 0271A0.
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