Scientific Journal of Riga Technical University
Transport and Engineering. Mechanics.

2010
Volume 33

Dynamical Effects in Process of Piles Vibrodriving

Svetlana Polukoshk&entspils University Colleg®©lga KononovaRiga Technical University
Svetlana SokolovadRiga Technical University

Abstract - Vibration driving of elements into a soil is a canplex
mechanical process, accompanied with such phenomenas a
changing of structure of surrounding the driving ekement soil,
liquefaction of them, the decreasing of friction foces between soil
and surface of the driving element. A vibration mehod is used
for driving of elements with the comparatively smal cross section
area: metallic sheet piles and pipes; length of diimg elements is
not limited. When periodically changing axial forceis acting on
the driving elements there is possibility of loss fodynamical
stability of element because of parametric resonaec Such
possibility appears when motion of element bottom rel is
obstructed by the layers of very hard soil (for exanple, rocky) or
because of densification of the liquefied sandy doiafter
technological pause in vibrodriving. In this work it is suggested to
check up the parameters of vibrators using the simation of pile
driving process and examination of pile dynamical tability. The
plastic model of shaft and toe resistance of soilsluring
vibrodriving is developed taking into account the bange of
properties of soils on the depth, equation of motio of pile in soil
is derived and solved numerically. The analysis of umerical
solution shows the possibility of element driving d required
depth by one vibrator with given performance figures, or the
necessity of additional static set-on-weight, adddnal vibrator or
changing of vibrator. The possibility of origination of dynamical
instability and condition of resonance is examinedn the models
of pile as a perfectly solid and as a flexible beanPossibility of
dynamic stability loose on the higher mode of vibrions is
proved for the driving elements from the often appged metallic
rolled sections, examined as flexible beams.

Keywords - vibration, parametric load, dynamical stability,
friction, liquefaction.

|. INTRODUCTION

The driving of solid into resisting environment @ndhe
influence of constant and sign-variable forces aled
vibrodriving. A process of driving of body into $ainder
vibration is a very complex mechanical process. Vibeator
of the directed action, excited the longitudinabrations of
pile, exerts different mechanical influences on aad pile: at
low frequencies weak vibrations of pile arises, $od layers
surrounding a pile move together with it, a pileesiaot sink;
when frequency of vibrator increases the separatiopile
from soil and slipping of it lateral surfaces onl $ake place,
soil resistance to driving decreases [1], [2], [3].

Soil resistance consists of toe (or front) resistamcting on
the bottom end of pile, and shaft resistance, gaimits walls.
Under vibrating the forces of soil resistance aeereasing
depending on the physical-mechanical propertiesaif its
mineralogical composition and mode of vibrations.dense
clayey and slightly wet sandy soils a dynamic tesistance
remains approximately equal to static, lateralstasice also

decreases insignificantly. In the water-saturat@ts slynamic
toe-resistance decreases approximately twice alatesistance
- tenfold, therefore it is most effectively to ueé vibration

method in the water-saturated sandy and plastigeglaoils

(21, [4], [5].

During high-frequency vibrations acting on non-csifie
granular sandy soils there is destruction of theméxl
structure which is not restored after stoppingibfation. The
stages of liquefaction of sandy soils for moistdsaluring
vibrating are shown in Fig.1:

a) loose water-saturated sand before liquefaction,

b) a moment of liquefaction - break of connectitnetween
particles - decoupling,

c) compacted sand after stopping of vibration amgeszing
out water.

Fig. 1. Liquefaction of sandy soil under vibration

Reason of liquefaction of clay-like soils is th#iixotropy,
physical - chemical phenomenon, occurring in sooiiclal
dispersed systems, consisting in convertible weakerof
structural connections between the mineral pagiclef
cohesive earth material under mechanical agitatidnder
specific mechanical action (shaking, vibrating) thensition
of the combined water into free occurs that redolructural
bonds strength decreasing and soil liquefactior, dlation
termination leads to return transition of watemiréree state
into the connected and tonsolidating and hardening of soil.

Vibration method is used for driving of elementshymhe
comparatively small cross-section areaetallic sheepiles,
pipes, hollow shell-piles, and also at borings wgorhe
length and mass of driving elements is not limitasl distinct
from the impact method of pile driving when the dén of
sinking element is limited by the length of waveaesxied in
it.

The purpose of this work — to develop the modebaifs
behaviour during vibrodriving process for more estrchoice
of vibrodrivers, as well as to examine the positibd of the
loss of dynamical stability as the result of peidadly
changing longitudinal force action on the sinkitgneents.
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1. ANALYTICAL MODEL OF PILE VIBRATORY DRIVING

In Fig.2 the schematic layout of pile vibratorywing and
simulation model of it are shown.
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Fig. 2.a) Schematic layout of pile vibratory driving
b) Analytical model: 1- pile, 2 — vibnoeer

To the head of pile, embedded in ground
insignificant depth, the vibrator of the directertian exciting
longitudinal vibrations of pile is jointed with thkelp of
clamp. The electric motor is settled down on platech can
be jointed to the vibrator rigidly or by means pfiags.

Agreed notations:

v — angle of rotation of eccentric mass,

w — angular speed of rotation,

M — a total static moment of eccentric mass of

vibration exciter,

plastic model of resistance on lateral surface ealabtic-
plastic on front surface.

In this work perfectly plastic model of shaft armk tsoil
resistance is developed, taking into account thengh of
properties of soil depending on a depth.

Because the area of dislocation and liquefactionsaf
grain near the driving pile is small, it is assuntbdt active
soil pressure on the vertical surface of pile rethahe same
as static, and the coefficient of friction betweba surface of
pile and soil diminishes, in consequence of thisftsh
resistance decrease.

Normal soil pressure on lateral surface of pile

0 (2)=r(92h, =7y (Z)tanz(z—ﬂj, @
4 2

where:

7(2) - specific gravity of soil, depending on the depths o
bedding, law of changing is set by tests;

@ — internal friction angle of soil,

A, — coefficient of active pressure of soil.
Tangential shear stress of soil on lateral piléas@s:

T(Z):Gx f;] :y(z)uafn’ (2)

on thehere:

f, - factor of internal friction depending on accalawn ratio
n=w/g according to D.D.Barkan [5]:
f,=tang, =(f,—f)e”+f, (3

where:

w - acceleration of pileg - acceleration of gravity,
fs ¢ internal friction factor in the absence of

L — torque of the engine reduced to shaft of vibratiovibrations,

exciter,

Q = (m+my) g — weight of the vibrating system,

m —mass of pilemy—static mass of vibrodriver,

N;— dynamic toe-resistance of soil,

Nsp —resultant force of normal pressure of soil on
lateral pile surface,

F<h— shaft resistance: resultant force of dynamic
friction resistance of soil on the lateral surface
of pile,

z— the distance from ground surface to the bottom

end of the pile, measured off vertically downvwaard

Soll resistance

For theoretical researches of the vibrodriving psscthe
different calculation models of interaction of saitd driving
element are used. Basically two schemes of sddteege are
applied [2], [4]: 1) perfectly plastic model of $hand toe
resistance on the lateral and front surfaces of efleenent,
assuming that between lateral surfaces of pile switl the
forces of dry friction are acting, dynamic fronsistance does
not depend on sinking of pile; 2) combined modetfquely

110

f,.- ultimate minimal value of internal friction factor,
S— parameter, characterizing intensity of decrease
of internal friction angle,
Resultant force of dynamic shaft resistance of soil

V4 z
Fo=[po(2dz=[pr(224, fdz, ()
0 0
wherep - perimeter of the driving element.
Resultant of dynamic toe resistance of sail:

N,=sN, = sAc,(2), ®)
where:
s- coefficient of static pressure decrease, proposed
values = 0,5,
A - cross-section area of element,
0/z) - axial normal static stress.
Law of changing of axial normal static stress isuased
linear, depending on the depth of sinking, or véatitordance

to specified formulas given in [6].
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Differential equation of pile motion

For the calculation of basic parameters of drivieggiting
force of F(tf) can be accepted changing in accomlatoc
harmonic law:

F(t) = M@’ sinQt = F, sinQxt, (6)

whereQ - cycles frequency of excitation.
Differential equation of pile motion, considerirtgetpile as
solid:

Q-F,sign(2) - N, + F;sinQt, (7)

(m+my)Z=
Z2
:J' Pz, f,dz= py?ia f,

N - 05A(c, +Aoz), if
v 0, if z<0

z>0

In the case of joining electric motor on springe firoper
force is added.
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Fig. 3. Parameters of motion dependence on time:
a) displacement z=z(t), b) velocity v=v(t),
c) acceleration w=w(t)
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Fig. 4. Acting forces dependence on time: a — egiforce, b —shaft soil
resistance, c —toe resistance

Numerical example. The modelling of vibrodriving of sheet
pile into dense wet sandy soil with constant specifiaviyy
y=18 KkN/nf, p=26, ¢=¢=36°, ¢.,=10°, 06,~6820 kPa,
Ac=106,25 kPa.Double Z- shaped pile with lengthk=18 m,
massm= 4.464 { cross-section are4=316 cn? and perimeter
p= 3.98 ms is sinking on the deptk 17.5 mwith help of
vibrator with maximal exciting force~= 645«H, frequency
N=26.67Hz angular spee@®=167.55s", amplitudea=16 mm
and massn,=4.39t

Differential equation (7) is solved numerically mgiEuler's
method. In Fig. 3+6 the graphs of dependence
displacement, velocity, accelerations, shaft ané il
resistance on time at the beginning and at theoérdtiving
process are presented.

Making a plots of pile motion parameters it is polesto
reveal correctness of selection of vibrodriver, pessibility of
driving given pile into given soil on required dgsed depth
with given vibrator, or necessity of the additiostdtic set-on-
weight, the additional vibrator with other frequgnor
changing of vibrator.
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Fig. 5. Plot of pile displacement dependent on time
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Fig. 6. Velocity and acceleration depenct on time at the end of process

[1l. DYNAMICAL STABILITY OF A DRIVING PILE

For structural elements like bars or rods undepaaif the
longitudinal periodic force the origination of tkensiderable
lateral vibrations — loss of dynamical stability garametrical
resonance is possible [7], [8], [9]. Such posdipiéxists for
piles and sheetpiles, which are driving into a bgilmeans of
vibrator, the destruction of such piles occurs,ecesly after
rest and densification of soil. Nevertheless, ugudhe
dynamic models of piles vibrodriving are not exaednand
model tested in practice does not exist.
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Fig. 7. Scheme of perfectly rigid bar with eladtinge: 1-vibro-driver, 2 -
pile, 3 - the elastic hinge

C - stiffness coefficient of the elastic hinge,

M = Cp - the restoring moment in the hinge.
The equation of static equilibrium of pile and \alof critical
force:

Flo+ g'(/’ Cp=0,
c 1
Fkr_I——Emg.

In this work three models of sheetpile are examinedifferential equation of motion of element undetiat of the

perfectly rigid bar with elastic hinge, hinged-soped
flexible beam and rigid-fixed flexible cantilever.
Differential equations are brought to Mathieu etratin
standard form:
¢+ (a-2bcos2r)p=0. (8)
Special functions ((Mathieu functions), which wetadied

in detail, are the solutions of this equation.
These solutions may be either limited, or incregsiithout

limit. Allocation of parametera andb regions, corresponding

to these cases, leads to the stability diagrane-dihgram of
Eins — Strett [8], [9]. The boundaries between fbgions of
stability and instability are the periodic motions

Model of perfectly rigid bar

When driving of pipe or rigid sheetpile the elemerdy be
considered as perfectly rigid bar with the lumpedight
(vibrodriver) on the top end and with support fesitly
resisting to the rotation (elastic hinge) in thettbm end
(puc.7).

Such model is acceptable to the short rigid elemeittich
being sank on a small depth, meet a considerabée
resistance.

Agreed notations:

- rotation angle of bar (deviation from avertical),

m, — mass of vibrodriver,

m-— mass of driving element,

112

exciting force F (t) = F, + F, sinQt:

=

or:

+mo|2j¢’ (F, + F,sinQt)l g+ mg%—Cgo

3 [E—@—n},g F SIthj¢ 0
(m+ 3my)l
For reduction of this equation to the form (8)desume

2r = z + Qt, thena andb coefficients will be:

12 __(C_mg
mw%ma( _2_“@'

— 6F,

~ (m+3m,)QA

When the frequency® of excitation force encrease,

parametersa and b decrease, but ratio of these parameters

remains constant and the successive states ofyftens are
fgetermined by image points on the ray afb/k, where
angular coefficienk is:

=2 - C : :ZFFlF' (10)
a 4I_Tf_me (Fi = Fo)
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The frequency of the exciting force correspondiagthe 0%z El 8*z
given parametel: ot — = 12)
ot m ox
— L (11) where:
b(m+ my)l m-—mass of beam distributed on unit of length,

El-beam stiffness.

Differential equation of elastic bending vibratioref
uniform cross-section beam (Fig.9-a) under longjitaldforce,
in linear approach (Belyaev’s problem):

Numerical example: In Fig. 8. Eins — Strett diagram of
stability is plot as a=f(b), on the diagram stdbilareas are
shown by dark colour. The boundaries of regionstability

are built according to the known, described inréitare 27 N &%z El 842_0

equations [7], [6]. e e T
Two variants of pile vibrodriving of double Z-shapeross- ot> mox? m oxt
section profile with length of I=12m and mass m&#{are o ) .
considered: In the case of periodically changing axial force
e using of vibro-driver with normal frequency F(t)=F,+ FsinQt:
N=26.67Hz ©=167.558", dynamic and static force 047 227 El 8%z
\{aluequ: meg =43.09 kN F1=645 kN;_ El — +(F+ FsinQt)—5+——=0. (13)
e using of high-frequency vibro-driver with=43.33Hz OX OX m oX
Q=272.278", F)=meg=14.33 kN X
=410 kN. Supposing the solution in the form o= A(t )Sinl—,

At value of stiffness coefficient of the elasticnge
C=2000kNm for the first case the coefficiektl=0.200is where n=1; 2; 3; ..., we receive:
received, for seconkl2=0.125.Representation rays are shown

on the plot. .. n?7?( EInxz? _
The first ray crosses the boundaries of regionpamts A+T I—Z_ Fo—FsinQt [A=0. (14)
b=0.166; 0.248; 0.789; 0.854 etcin which frequency of m
exciting force2=11.41; 9.34; 5.2355.031s", etc. o N )
The second ray crosses boundaries of regions msoi Taklng. into account that Euler'sritical force (buckling
b = 0.111; 0.143; 0.496; 0.51&c., in which force) Fy is equal:
©=17.38; 15.33; 8.21; 8.08setc. Eln’z?
—5—=Fs (15)
10 ; I 2
91 P equation (14) may be written:
" b s 2_2
F b ™ n T T
7 : A= A+——| F,-F,—FcogQt+—||A=0; (16)
61 /" = ml 2
] s 2_2 2_2
5 / a_4n 7°(F, - F) b_2n T°F, a7
g Come3r T moA?
/
3 /
/
2] 4 F=Fct) F=Fct
: oy
11 ! -
QJ;(E ] P
0 \0‘?\1\ s 5 . 25 % . J
EE - > W ]
= | 2
Fig. 8. Eins—Strett diagrams of the stability regidor double Z- profile and _\ alrj ! 7
representation rays fé1=0.200u k2=0.125 b = ,f
- [ N
For both cases of the real systems, examined iordance ﬁf’ = 1
with such model, the system does not lose stapiligcause i }'&
frequency of both variants of vibro-drivers is cidiesably 4 i
higher. \§1\ \
) 1
Models of flexible beam 3 > 3
Most of widely applied as piles U- and Z- shapedfifes a) b)

have less cross-sections and must be considerdexidse.
The equation of flexural vibrations of uniform csosection
beam:

Fig. 9. Cases of hinged-supported beam: a) sinme-s
b) single-span with overhanging
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Frequedngy of qatural Iﬁ\teral vibrations of singbess hinge- V. — coefficient, characterizing the boundary
supported beam Is equal: conditions and vibrations mode.
- Equation (20) for any case of beam supports:
n° |El
@ 7 \m "o ;
A 2[ 1 1 i _
Frequency of natural lateral vibrations of singbess hinge- At o (1 -VE SIthJA— 0. (24)
supported beam, taking into account longitudineddo nono
le F=Fita F=F{t>
— — 1 i
a)—a)o 1+T =y 1+—
7°n’El F \J,f ¢
r ] e f i
W b
/ )
In case of compressing longitudinal fofeg , i , I
RN JJI? N4
(19) Jrrr
_ j
ff

W=, /1—%.
kr

Taking into account (19) equation (14) may be wrtas

following:
A+ w{l—LsithjAz 0. (20)
I:kr —To
Fig

Then coefficients of Mathieu equation will be equal

_Aa? b 20° F,
Q' Q? (Fe—-F)

Let us denote frequency raizw/Q, and then coefficients ¢

of Mathieu equation will be written:
. F

opt—1
(Fkr - FO)

b

a=(2p)*;

Significant importance for the arising of dynam&sonance
have the points: a=1,4,9,16....and, therefore, frequeatio
1 1 3 5
p:_\/_:_l :L A~ 21 PSRN
2 2 2 2
For other cases of beam supports formulae (15), 4bé

(19) in the first approximation may be written:

3

. 10. Scheme of flexible console beam with rifixthg

Numerical example. Two cases of flexible beam models are

examined for U-shaped pile with=76.9kg/m, 1=7.2*16 m*,
E=2.1*10° kN/nf, which is drived by the vibrator with
frequency N26.67Hz Q=167.558", Fo= meg =43.09 kN

1=645 kN.
The first case is single-span hing-supported bdam Qa)
of length L=22 m, the second beam with rigid fixing (Fig.

10) of lengthL=18.5 m.

-1

Ela,’
Fn = z (22) ] ;
) . ,/ //
a, El f /
o) —, 22 g
o | 5 m ( ) 2 jf //
7 n=1
g
P s
w = W, 1—Vn—0, (23) o 15 2 25 3
Pn \ﬂ\ N

where:
«,,— root of characteristic equation (12) of the arbe

lateral vibration without axial force,
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Fig. 11. Eins—Strett diagrams of the stability oegi for U - profile hing-
supported single span beald¥22 m
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n=>5

n=3

n=1

o 15 2 25 3
b

Fig. 12. Eins—Strett diagrams of the stability oegi for U - profile beam with
rigid fixing, L=18,5 m

14

The case of beam with rigid fixing is more possiblaen
long-size elements are driving into dense soil tiiig case the

coefficient ¢, = (2n —1) % , wheren- number of natural

vibration mode

Eins—Strett diagram for the first case is giverig. 11, for
the second - in Fig. 12, representation rays fer first five
mode of vibration are shown on each plot.

Dynamic instability of hing-supported single sgazeam is
possible for n=3, gap of coefficienb is 0.105 < b <0.134,
consequently, dangerous frequency lies within thetd of
151.9<Q < 170.9.

Dynamic instability of cantilever beam with rigitkihg is
possible for n=4, wher8.106 < b < 0.135and150.0 <Q <

178.7.

IV. CONCLUSION

Usually choosing of vibrodriver is guided by reasgnthat

total loading on pile must be sufficient for ovemiag of

possibility exists of loss of dynamical stability parametrical
resonance. The basic difference of parametricabnasce
from usual resonance of the beam:

1. dynamical instability arises not at one (for egimn-th
vibration mode) relation of natural frequency ofabew to
frequency of exciting forc€, but at the relations close o=
i2,j=1,2,3 ...;

2. practical value have the areas close to theuénecjes
ratio p =1/2, 1, (coefficient a=1;4), i.e. areas with the
minimal threshold of excitation of vibrations, foer the
origin of vibrations becomes difficult;

3. for the origin of loss of dynamical stabilitypaesence of
initial imperfections - axis curving, disalignmecentricity
of application point of resultant force and so isma necessary
factor.

Choosing the vibrators, which will be able to drihe pile
to the required depth, except check the conditiais

drivability Q+ F, > F,, + N, and static critical force, it is
necessary to carry out the examination of dynanstatbility
of driving elements. It is especially important ¢arry out
check of dynamical stability for piles which havethig free
length remained (piles for offshore structures, Emrings

works etc.)
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forces of soil resistance and do not exceed statical force.
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force, for the element under periodic axial loaditige

Svetlana PolukoSko, Olga Kononova, Svetlana SokolavDinamiskie efekti @lu vibroiegremdeSanas proces
Palu vibroiegremdSana gruns ir saregits melanisks process, kartiek nowrotas &das paidibas K gremdjamo elementu apktgjas grunts strukiras

izmaias, berzes sRa starp grunti un gremdfAma elementa virsmu pazem®aris. Vibracijas pielieto, iegrengot elementus ar salzinoSi mazu
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Skersgriezuma laukumu: nmia riev@lus un caurules. legrerfdmo elementu garums nav ierobezots. Pie periodiskingu ass sgku darhbas uz
gremdjamajiem elementiem rodas dinamiska elemerfdasVara zawE$anas iesja parametrisks rezonansesél] ja elementa apakSgal@rpietojums ir
apgitinats ar cietu, pie@ram, klin3ainas grunts starpsi vai sagidrinatas smilSainas grunts sal@Saras .
Saj darts piedivats mrbaudt vibratoru parametrus ar elementu iegré&aas norises matatisku modet$anu un to dinamigls notutbas @rbaudi. Piedvats
saniskas un frorilas grunts pretegtas plastisks modelis, i@ojot gruntsipasbu izmahas dzjumg, un gEla kustbas vieadojums, kas atrisits skaitliski.
Skaitliska rezulitu anaize &da elementu iegremdfanas iesju vajadagaj dziluma ar vienu vibratoru ar dotajiem raksturlielumiemi papildus statiskas
slodzes pielikSanu, vai vibratora nomai Ir parbaudima dinamiskas nestabiites raSafis iesggja un rezonanses nosmieni, modetjot pali ka absoiiti cietu
kermeni un K lokanu siju. Ir pieidita dinamisks notutbas zaueSanas iespa pec iegremdjamo elementu gwstibu augstkajam formam. Elementi izgl&ti no
vishieZk pielietotajiem velratiem metla profiliem un ir apikojami ka lokani stiei.

Caeti1ana IMomykomxko, Oabra Kononosa, Cersana CokosoBa. /lunamudeckue 3¢ ekt Npu BUGPONOrpy KeHHH CBai

BubpanuonHoe IOrpy:KeHHE IEMEHTOB B TPYHTHI SIBJISCTCS CIOJKHBIM MEXaHUYECKUM IIPOLECCOM, COINPOBOXKIAIOMIMCS TaKHMH SIBICHHUSAMH, KaK H3MCHCHHE
CTPYKTYpPbl TPYHTOB, OKPYKAIOIIMX MOTPYKACMbIH 3JIEMEHT, PA3KIKCHHEM UX, CHI)KCHHEM CHJI TPEHMS MEXIYy TPYHTOM M MOBEPXHOCTBIO MOTPYXKaeMOro
35eMeHTa. BUOpaIMoHHbIi croco0 NPUMEHSCTCS NPH MOTPYKEHUH 3JIEMEHTOB CO CPAaBHHTENIBHO MAJIOW IUIOMIA/bIO TTOHEPEYHOTO CEYCHHS! METAIMYECKOro
myHTa ¥ TpyO. IIpu meficTBUM Ha MOrpy:KaeMble IEMEHTHI IEPHOJUIECKH MEHSIOMUXCS MPOTOIBHBIX CHJI BO3HHKAET BO3MOXKHOCTh IOTEPH JTUHAMHIECKOTO
paBHOBECHS 3JIEMEHTA U3-3a APaMETPHUECKOTO PE30HAHCA, KOT/la MepeMEeIleHHEe HIDKHETO KOHIIA 3JIEMEHTa 3aTPYHEHO M3-3a MPOCIOEK MPOYHOro IPYHTA HIIN
YIUIOTHEHUS TPYHTA.

B nannoli pabote mpemnaraercs IpOBEPSTh IMapaMeTphl BUOPATOPOB IIyTEM MAaTEeMAaTHIECKOTO MOAEIHPOBAHHS HPOIecca MOTPYKeHHUS dIEMEHTOB U IPOBEPKU
UX JMHaMMYECKOH ycroiumpocTu. IIpemnaraercs miactuueckas Mojelb OGOKOBOrO M JIOOOBOTO CONMpPOTUBIIEHUS TPYHTOB HPH BHOPOIOTPYKEHHH C y4ETOM
U3MCHCHHUS CBOMCTB TPYHTOB IIO TUIyOWHE, 3aIMCHIBACTCS YPABHEHHE JBWKEHHUS CBaM B TPYHTE, KOTOPOE PEIIACTCS YMCICHHO. AHAIIM3 YMCICHHOTO PEIICHUS
MIOKa3bIBaeT BO3MOXKHOCTH IIOTPYXKEGHHS DJIEMEHTOB Ha JaHHYIO TNIyOMHY OJHUM BHOPaTOpOM C IAHHBIMU XapaKTEPUCTUKAMH, WIM HEOOXOAUMOCTh B
JIOTIOJTHUTEIIHOM CTaTUYECKOM HPHIpPy3e, JOMOIHUTEIFHOM BHOpaTOpe WM cMeHe BUOpaTopoB. IIpoBepsieTcst BO3MOXXKHOCTh BO3HUKHOBEHHUS TUHAMUYCCKOMN
HEYCTOHYMBOCTU M YCJIOBHS PE30HAHCA IPH MOJCIMPOBAHMH CBAaW KaK aOCONIOTHO TBEPJOro Tela M Kak rMOKod Oamku. JlokasaHa BO3MOMKHOCTB TOTEPH
JMHAMAYECKOH YCTOHUYMBOCTH MO BBICIIUM (popMaM KoJIeOaHHIl HOTPYyKaeMbIX 3IEMEHTOB M3 YacTO INPHMEHSEMBIX METa/ULIMYEeCKHX IPOKATHBIX Mpoduieii,
paccMaTpUBAEMBIX KaK TMOKHE CTEPKHH.

116



