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SUMMARY

Kurash S.Yu. Mathematical modeling of the reaction of buildings and structures
to explosive effectd. Qualifying scientific work on manuscript rights.

Dissertation foobtaining the scientific degree of candidate of technical sciences
in the specialty 01.05.02 "Mathematical modeling and computational methiods".
Institute of Telecommunications and Global Information Space of the National
Academy of Sciences of Ukraineyi, 2023.

The dissertation solves the actual scientific and applied problem of the
development and software implementation of a hybrid seiral system, which
includes the determination of the composition, structure, adjustment, and verification
of the computer model of mukstory buildings (taking into account their current
technical condition), which have been affectedriitary actionsor regular industrial
explosions; preparation of primary information using experimental methods and
equipment fonon-destructive control of building structures (correct setting of initial
boundary conditions); tdepth interpretation of the results of mathematical modeling
in order to assess the residual resource of buildings and structures.

In the first chapter of the dissertation, analysis and assessment of the results of


https://www.hgd-cgs.hr/savjetovanja/the-17th-european-young-geotechnical-engineers’-conference/?lang=en
https://www.hgd-cgs.hr/savjetovanja/the-17th-european-young-geotechnical-engineers’-conference/?lang=en
http://online.budstandart.com/ua/catalog/doc-page?id_doc=45889
http://online.budstandart.com/ua/catalog/doc-page?id_doc=45889
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known research on the application of mathematical methods of forecasting the danger
of industrial and combat explosions, methods of protecting structures from their
harmful dynamic effects, as wals experimental instrumental methods and means of
assessing the technical condition of buildings and structures were carried out; the
research task is set. Mathematical models reflecting the dynamic impact of military
and industrial explosions on residi@hbuildings, problems of dynamic certification
of buildings and structures are usually described by nonlinear equations in partial
derivatives, the solution of which is possible only with the use of computational
methods. The following scientists weretigely involved in the development of
computational methods and algorithms that can be used for the mathematical
modeling of complex mechanics problems: A.Ya. Bomba, A.V. Hladkyji,
V.F. Gubarev, V.B. Mokin, V.L. Rvadv, |.V. Sergienko, I.T. Selezov,
V.V. Skopetskyi, O.M. Trofymchuk, O.M. Khimich et al.

An overview and analysis of existing topical issues and modeling methods are
presented, unsolved and new problems that take into account the propagation of shock
disturbances in the soil are identified. Whieying to improve the mathematical
modeling of the residual resource of buildings and structures exposed to military and
industrial explosions, a number of difficulties arise. To date, there are no theoretical
mathematical methods of hazard prediction mmathods of protecting buildings and
structures from the harmful effects of the passage of air and ground shock waves, as
well as methods of assessing the residual resource, etc. that are scientifically based
and applied in a wide range of conditions oimbat and industrial explosions.
Determination of the composition and structure of computer programs, preparation of
primary information, adjustment and verification of computer models of buildings and
structures using experimental methods of-destructie testing require field studies
to determine the parameters of the flow of wave energy from military and industrial
explosions, processing a large volume of statistical material. All this determines the
relevance of the tasks of dissertation research.

The second chapter of the dissertation outlines the methodology of

experimental and theoretieahlculation studies, the development of a calculation
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apparatus for determining the parameters of seismic response and the risks of
destruction of buildingsand stuctures under dynamic effects from industrial
explosions. The equation of oscillations of a building or structure as amagds
system is presented, with the help of which the equations of motion and frequency
eqguations of the model with distributed pasders (cantilever rod taking into account
stiffness during bending and sheatr, distributed mass, and mass moment of inertia) are
obtained. This allows you to determine the parameters of natural and forced
oscillations of the building under dynamic (kineropinfluences. Constant bending
and shear stiffness, as well as distributed (per unit of building height) mass and mass
moment of inertia are taken into account; the movement of building points depends
on the z coordinate and time t. Information about"tHRA" software complex is
provided. An applied method of determining the structural risk under the dynamic
influence is presented, which is based on the comparison of two quantities: the
external load parameter S, which is determined on the basis Wiuéattan taking
into account the dynamic load, and the structure resistance parameter R. Both
guantities are considered random and are expressed using the same units.

In the third chapter, the main results of fubcale dynamic studies of buildings
and stuctures with the help of multhannel seismic monitoring systems are
presented, fulkcale measurements of the levels of vibrational influence during mass
explosions in the quarries of the city of Kryvyi Rih are considered. The results of on
site measumaents of vibration and noise levels in houses and on adjacent territories,
as well as soil vibration levels under the influence of mass explosions on objects
within the sanitary protection zones of iron ore quarries in Kryvyi Rih, are
summarized. In orddo determine the amplitudes of the registered accelerations of
structures and soil, the processing of vibration signals and their spectral analysis was
performed using a specialized program. Dynamic measurements were carried out on
6A Lobanovskyi Ave., Ky. On February 26, 2022, the building was destroyed by a
rocket hit during the shelling.

The fourth chapter presents the results of field measurements of vibration

levels during mass explosions in the quarry of OJSC "Southern Ore Mining and
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Processing Pldah(GZK). These results serve as initial conditions for the numerical
solution of the initialooundary problem in the calculations of the ststsmn state of
the Center for Children's and Youth Creativity "Mriya" (the Center) and later in the
assessmerf its life resource. The maximum value of the vertical vibration speed of
the soil near the Center building does not exceed 0.25 cm/s. According to the MSK
64 scale, the vertical vibration speed of the soil corresponds to 1 point. The horizontal
vibration speed in the direction of the explosion is twice as high as the vertical one.
With the help of the LIRASAPRsoftware complex, a computer model of the Center
building was developed on the basis of rod elements of type 10 (six degrees of
freedom at the rde), plate elements of types 41, 42, 44 (six degrees of freedom at the
node). Due to the formation of significant gaps between the floor slabs of the Center
building, the rigidity of the floor slabs, as a single horizontal disk, is constantly
decreasing. flis causes a decrease in the integral stiffness of the Center building as a
whole. As a result, the estimated age of the Center building differs from the actual one
by ~ 30 years. The general technical condition of the Center building can be
characterizegs unsuitable for normal operation in the near future. This conclusion
follows from the results of the visual inspection of the Center and the detected defects
in combination with calculated and experimental data. With the acceleration of the
development binternal defects in the loaokaring reinforced concrete structures of
the Center, the risk of their destruction will increase and the aging of the building will
accelerate. As a result, this will lead to a significant decrease in life expectancy
(increse i n @&T1).

A computer model of the building on Lobanovskyi Avenue, 6A in Kyiv with
elements of damage within the iPA floors is given. Model verification and
calculations were performed in PC LIRBAPR 2021 using the developed spatial
model of the buildig fragment (1626 floors). Two versions of the models are
considered: linear and ndimear, taking into account the physical Horearity of
concrete and reinforcement. Determination of the -lo@aking capacity of the
sections of the monolithic reinfoed concrete pylons of the building was carried out

by the deformation method in accordance with the provisions of the State
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Construction Norms (DBN) B.2-88:2009 and the State Standard of Ukraine (DSTU)
B B.2.6156:2010 using forces obtained with thepheld spatial linear and nonlinear
models of the building fragment in the software complex LIBAPR -2021. The
results of determining the bearing capacity of other maximally loaded pylons are also
given. These data indicate the need to strengthetathaged pylons on floors 181
of the building, because the ratio of the crssstional bearing capacity to the
longitudinal compressive force on the 20th floor in the axes 2/J and 3/J not only does
not have a margin of strength, as on the 17th flodnerakes 2/E and 2/D, and even
less per unit. In addition, on the 17th floor in the 2/J axis, there is also no necessary
safety margin, which is unacceptable for normal operation. The data obtained from
calculations of the loadearing capacity of the builth's pylons confirm the need to
strengthen the damaged pylons on the -P8tt floors of the building. The load
bearing capacity of the pylons along the 2/J and 3/J axes on the 18th, 19th, and 20th
floors is not ensured, so it is necessary to eithergitien these pylons or replace
them with new ones. At the same time, previous assumptions about the need to
demolish the entire building were not confirmed. The calculated data in relevant
individual cases are correlated with the approximate methodolatye @RIBC for
estimating the residual resource. The decline of the resource compared to the
undamaged state is estimated at3byears. The corresponding economic loss is
estimated at 2335% of the original value of the building without taking into acd¢oun
the useful value of the apartments.

Keywords mathematical modeling, stressain state, risk, combat dynamic
effects, industrial explosions, integral diagnostics, -destructive methods, life

resource.
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MisOdzH Otcls* , Otzs ZORfcZzZE§ Balsstcfmise ", L HESBEZO O
2 MisOlklsv&aL d , 2¢4PMmis: o jSCMYf jted d3j dzls Odz' dzqd
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Hso dtso ' Ydz' Ml BEH' 9 jd kO MftstkH

[MeBdzde ' Mis' t' L desd3Odz’ Isdzd » eske co0j dz'e 4G
hts otsded fteslswetsds HJMwiIsddz Is! fteOC Isd ydzts
9" BtOYy' 2dzd~s ot dzdo " o, hts Ltejhlsss Mmftedyd

1G"Hdets L [ 85] LO hCOdztss ' Rlsjte®, ' dzlsj dzfy
L j d&Bdzj steBMEZz . 6 BOdZ o, sz o dzdL Yy CtcO’
dzj M tedw Isdzd o d r WOCIsste' 9, w g odL dzZOyOs Is

CisjStdse’ Yy sBMsOdsoSk o & MlsOX.

22 IstcOodzv 2005 to. ' fpdzw HtesmSHEZ o Odzls
L sdztse ' H o O@dkgm ' 1C@LEIsdrLt ¢ ( MJ dz. [ BLBa ] 1 td
o d&z2OMdz' HisC Ytcets dzO L Odz' e dpdzzts C sifidz dz' h df 2
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Ldzdoed, dzjftoetse jHjded?2 toj di3sdels, o BOY' W 9
9 O0dzls Oy dzedr HBlsWwWeE' o9 LOdz Ldedydeddsd € tsdz' W dzd
ftosnBHY jdadg" ftslsWe' © Bkdzs Ldedy jdes [ 83] .
MS zOHE fozBgjtej 300 BtOY' ' 5 o' H L Odz' L dzad y dat

s OCdd3 Yl datsdfifs steWE saBtizH 9 jdzd S sEts 3 MisO
sfMjtj HSBdR Isjrndsejdedzdn HddzOd3 ydedr dzOo O
ZOftcze o' H ItOdmf stelsdadrn HY jtojdz, BEH' 9]
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[ sMdz" vy Jdzdz? HJd2OdE ydedms (ydsdz' ydedrm) of
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[ d d2Od3" ydzy dzOo OdaAds Oy jdzdzvy o H odBlkzalz 9 7t
SO fteOCIsdydzs SHAdsSKEOL o d2 ofdzde, dO2LNJ oM
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fshCHYyjdedr BEH' 9 jdzr yjtejL H' 8o dfd deddzs by ize
dz0 9 j H jodits 11440 2
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fiteodie@dz"dzds (tedfm. 1.5) [97].

/ [8 ¢

N

ts b RERE

t 51 od C d&ZOH HY jtoj dzO, h d&zv Al { it jicdpdds 9O
hdzw 7 s dtd jrdedfnz’ ( dMJtcj Hdde' Is' ddOY: ts ofy ItaffrpiEgd:
tddziv, [ifa@d mecBJH>[saq’h31);3BIsslzdzdzls o f dzd
fitcjodtftosd dijfdap?) tdrtdy) ;" tlzdzlsse dn o tsH [ 98

3o ftedtetsH' 2 Ijnde y' & tsoMmesudss LEeMmste' yoO' ddsmw L to' L dad d3q
esLftsH &z ' Lddn MjtejHseadh. 1 Of ted Stalz@ind, dzdo, s dagO frpf" tiy lsdg' 12 & AR
ZOf ' of esMisstelz (Rroddzw [ Jjdzjw), d2O @iy’ ' HESEB SO ftoky dsc
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sfMsedkzdots §O& "G Otn'lsjSlkkzted, otdd daj
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CsteslsC syOmdzj dz0o OdzlsOy §j dzdzy § sMis' 2 dztse 5 dz
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lwOnBsokzE s v  f 5lsy 2 dzOL Mz e @O dof EHaOM IS E
(SBjW' ' y' “dals k LOdZjydl! o' H WisS®kd OskPE.
totsL f sSH' dzj da@ ( dz20 BHJddzdm® o d5iptedy dizls B kg 1el2j dodg”
1l jtoj 3" M jdedey S Ra t 9 dzlp(@t) iICLE R0y Ols' o
CostoH ddp@@dmz zt . ) tod2 diNd)sj( 2M, & )W K dzSdrj' L Odzj 3

it " odaw dzdgw thkzrlz tlsted d30daets L ‘da diiR@], ) IsLOZdAz
WA EdS Yy sdzOdz H' T S o Y@ fgtsmdsidzizO | Odzldsj tdp
W s te i3z dFB¥151] 153, 195

S=HT -U) (2.2)

Hy "UT ¢  dgjlsdydz® * ttslsjdgy’ 2dzO Jjdzgjteg " v (
tetsL ¢ dzw dgz s s dzd ¥ uJ ) .

t " odgwdedgy tkzralkz ME &zOH j dzs H dzV tc e r &z dzC
BJL otOnlkzo Odzdzgv sfmdzts(otd) (' tedfS HtisSthplstiz dsjodgGils d
fjtej B M jdedlzgv B WEBHOR] sz o (odz®uj &dz® € ° dzj
dzj sBr' Hdets totsL e dz" HOId HdzVv " Geydsg ®»® J dzj
Hiseo " dz dz2' 2 Istsyy' N BEkH"» da dzz yOsifgtsdzOls dzj |
(@' Hdztsmdss  dzime[idsty GKF,):9 " Hdz' C Iz

VE = (¥ + zig (t) + dzt), B =y +/(zt)y. (2.2)
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vizls fjtjdiz)spedas sySd N odL dzOyoOs Is! v o
MdMmlsj Bd o # ZYOEBEEY Z, &ZO- sHJIs! MW o tsMmdzse
OBfMisdzt sdzts” Hlz dmEBBMEAZ? dzts’™ Issysd N BEHJ:

=(VE+ 2 ) + 2V + zék )b+ (@) + ()" +2dm” + (). (2.3)

s ' dej sdudz©@ jdegjtec' W v (HIW pFR  EGEz B
Bklsd ftojHflsOo dzj dz0 kOC :

. .
T=T +T+T, T=>p pvidFidz (2.4)
201 (F) y
H J
T, :1Léﬁ}[(\#+2l# ) + @&y ]dFudz
2o| (F) Yy
ha
T= i 7 (% + 2 )+ & 7 ]dFudz—
o| (F) Yy
h
= (¥ + z# Jam+ &4, Jdz, m=y d Fi,=fj 3dF; (2.5)
0 (F) (F)
1"g RN | IR .
T, :EMI m(@f + /Yy )ngdz—zf{mdf +|0/#2}dz. (2.6)
o] (F) y 0

1 tod totsL G dzWv H O dzdz' o Otas GgytsB n WiHdaS yb 5 &P bzé
Wz dzSYHE G, () L OHOddBd, lkyj o0k Oy’ §' d

h
U J=0, U J=p(¥+z )i+ &idz. o
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U T= fmdbe+ i #dz 2.8)

1 slsjdzy’ Odz? dz@ jdzgjtec' W U L Odzj %ed 83" M jsdzic
d( z)ls®( k(o' HdesMdets kAR tsds Mdmisjdd OYZ) :

h
= ; F{Ep]/ i +GFk(/ + C{i)z}dZ, (2.9)
0

] Ot Oy' w U:

h
U WEFEY i i+GFkl +di)(ly +udildz (549
0

o

s' HBHOdSdWivd T ohjiseIs Hdets dzlsjdtolze Ol

FEY W tz=[E9 W |7 FEY i dz
; i : (2.11)
FBFK( +di)ididz=[GFk(/ +di)i K} - feFk( i+di)i d

] shdsse' BERIG@I=0gdO6) HES Y sSEhsisces
Yted z = h (Up'jltBzj eeBicd aztlgy ¢ Is'  dzlz dzv .
[MsOlsydts o0’ Oy' " §ilsjdy Od dets’ Jj daj

U U= r%{[ EJj i+GFk(j +di)]iy +[- GFk(/ i+di)u fdz+

+EJ/ i(h)w , +GFKy (h)+di(h)]i d

(2.12)
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] ttjLbkd 0k’ ©ltedBOdts o O’ Oy' ¥ Wk dSy

i S/ - £ i(h W, - GFK (ht)+di(ht]i g+

h
+AEY i- GFK( +di)- i, (& + )y dz+ (2.13

+ H{GFK( i+di)- m(es+¥- )i d d 2} dt

I stej 0% WyUH(L ok yois: Udat dd)a t)
BOdd Bg, Odj HBGo dsdhsy] o¢HEEEBBE OHY,

EY ih)=0, GFKy/ (h,)+di(h,t]=0; (214
EJ/ i- GFK(/ +di)- ig#=i@(t); (2.15)
GFK(/ i+dii)- mei= m¥(t)- zmé(t). (2.16)

sizB14) o' Hftse HOBIs! CtwO2Boaddy Zdiseo Odz dz
) Is%e dzv (9jton BkzH' ' 2.1 ) 2.16){(i' gz dgfinls { B3O H
HdW jtejdzy Odzt dgd - 6" 9adgvdzr Wkl E yYyOmMisStse
j(z) " dzy). 1 Mmdzv e dL dzOyj dzdz" yda Hoetsm Wlkdg
Lzmddzdzy ( d3sdzj dels ° s jtoj ydse fmddzz) o ¢t

M(zY)=EY i(z), Q(z)=-GFklj +di); e
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YOMmistslsd ' Wistedkd o d&zOfMmdedr SCtdzdeo Odz' BIEH
[ dzw 9 dL dzOy j dgdzw ¥ tsup@dn lsdasdzO ) dzd A/ (2)S B@d 9 O dz
oS stdMmisOdzts 2.1B" o BQdgdz™s j | o©tOS ko Odzdz” ff to
(fMi2Mmds" ydedrs o dzd o ' 9 )= EJJKe=j HKKjGBs * ff tsUsde@uizOdz

K/ i- K,(/ +hi)- ip#=0;
Kao(/ i+hi)-m  #=0. (2.18)

1 jtoj o3 M jdedzy ffted? (3QO&ERGY o @ d cCdrvdad © G dz' )
; (z,9)= (2)sinwt+a); n(z,t) =n(z2)siniwt + a). (2.19
1 ' ffdgvic j Is otdddgddes© © d3ts :

(Kajii- Ko+ iow?-) - Kofri= 0

Ko/ i+(Kofrii+mu?s) = 0. (2.20)
tsLo wLts¢C y'' ' tSHt Hdts mdmilsj ddd Ho
j(2)=Asicos/ 1z+B;sin/ 1z+C,cos/ ,z+Disin/ 2z; (2.20)
fr(2)=Azsin/ 1z + Bycos/ 1z + Gsin/ ,z + D,cos/ ,z. (2.22)

| dZO U J dzdafn)ls & »=f(w) L Odzj y Olk! o' H YOfMsid
w' ftde dHJdd dad ud .
O W Tz S

Al(-Kl/zl-K2+ioW2)-K2/ 1Ao = 0] QISJ VWV'/'MZ) ‘(ﬂm) UtGd
Ai(-Kal 1)+ (Kol 2+ mud)A,=0 Ctsj %' y' * dzlg). (&2 si n(
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1 Q. 2229 jddydddls®/,8nkls! ' Ldddkd ¢
B' CoOHIOdzse s tc' o dzv dzdzv :

KiKs/ 4. (Kzio w2 + Kim WZ)/ 2+ (iomW4 - Kom W2) =0. (225)

) v o dStdzOddz f jtejkottjd lstedB3Ods

_ (Kidg + Km)w ° (K, - Kim)*w/ +4K KZmiw# (2.26)
2K K,

2
/1,2

[ dzv o d L df@Bp)jHdzdRdzs ez C sdeC toj sdesectw L dzOL
) fsoddedzO o dStdzko Olsdf! dzOMlsky zO0 kdise O:

(Kalp + Kim) w?=-/D. (2.27)

VL MY 998" " Hdatsh j dzda" 7 ( 2, 2 IL)B, ul3isty jd#, G d L dzO

D]_:
K, 1.0

A,=aA, a=- K—g/l - Tl+ </ W,

B,=bBy, b=- a; C;=cC,, (2.28)

C:-i/ - i+i70,/|f; D2= dDj_, d=-c.

K2 ’ /2 K2/2
sEB GO B st d §d uslsdtd dzj o HEMBJR:

F(2)|_ , |cos/,z 8 sin [z ¢ CoSs /2 sin,, 7
h(z) asin/, bcos { csin ,/ dcos, (229

lcOoBobk B yblsdted StO2teds Ekkssd:
1) JdedL 2 Hdzv L GNP ¢ tsdeftsdz'
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Ai+C=0- Ci=-A; Bib+dD =0 -

D.=-b/d By,
1 03" Mis! wlsted B3O s MY " 99" Hdetsh j dadzg? H dzw
_ : b .
f(z)_, |cos/,z- cosfz sin/,z- —sin 4z
f1(2) asin/,z- bsin }

2.30
bcos/,z- bcos/ &)

2y o jBEE" odz f toqdi(hg=05/(h)+30)=Bs
1HcOn o Oczdz 5 SO0 dR bkdse lsteddl' &is:

(-/,sin/,h+/,sin/ h)

(/,cos/|h- glzcoslzh)
D=

=0 (2.3
[(1+a/,)cos/ h- (L+b/,)cos/ Al[(1- b/, )sin/ h- 2 (1- o/ )sin/ ]

¢ usssEylBlsls0 L B0 &BS:

(1) /%) = Mf%(lr; w - ng'ﬂ;m% W - 1¢
1+ C

1 2

[-QPPOr

5O L dzOR 5H d B OBse 2, S tsdzd
_wmai, 8 K
W - w= |2
Klli§<2 1§=0 - (2.2)

vyOmstslsd

o dgVv dzdzv DM @izl dzss L (2. 28)
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F(w) = (-/ 1sin/ 1h + / ,sin/ 2h) [(1- b/ 1)sin/ {h-

- 2(1— d/ 2)sin/ ;h](/ 1cos/ 1h'i
-3/ 2C0S/ 2h) [(1 + & 1)cos/ 1h- (1 + b/ y)cos/ Hh]. (2.33)

slkls dzj bi" HE®dzj 3 Ols!  a H [ WO §8 dz6 WwPdgds
Wstedkd Stdzdo Ode o9 jHjdts o' Hdash j dzdgv :

~/,cos(;h)- IO‘/‘zcosqzh)
K :ﬁ: di
B /isin(/'h)- /,sin(/h)

(2.34)

gl " 99" Hdztsh j dzdaw H-Czw W dzjc datf tc dgslzO@dids = i€ ts dzt
BEZH' o dz' :

1(2)
h(2)

1 HeOR o Odzdzy 3 Glsse sdzOdz! detsfyls Wisteds o
to' o dzW dzgdz? Hdzv L Ocilzr dgj dets’ CttsteH d dzOIsd

cos/\z- cos/,z

sin/z- b'sin/;z
=k o AR e d
asin/;z- bsin/.z

(2.35)

b(cos/'z- cos/'z

(¥ Fd (t)+#(t)= f.(t)i =123... (2

Hi¥i Tyl ® sl o dzOMdzdr S tsdzd o Odz ;

fi(t)=- 0 a(t)- b Gag(t)



66

(2.37)

|  5BARL OuzaizQydlasd Ctsydey HAW jtejdey' Odz' dzj
W kdzC o) OB dz' stH®cidsy Stdzde Odz ) %WBd L O
CSo), sstedBOdes BjL HjBIW' ke Odadzy . | dzv
o S BtedMis0dz0 f cofOsL @5 [L ot F@as C sy dzts Bz
o' o dzv dzdz’ s tcj B GHft)Hotsk aElxlzv D@ Es Y ekdAEzl, ts A3l §

femls 2d ( BO&) Wdhds:
¥id () + #(t- 0)=1.(t). 239

1 ZO2H j dists M ' oo ' H IS j dzdzis H BgtEy o tgOfiytedks  ©
Ystedgd bied? BO° BS o &6 frdzd O dzell PS¢ v H

d(t)=e*sin(¥t+q) (239
skls CjW'y' ‘ dsxy OHQMOB®BOMOddzY o HIis

Cted s d e Istsls @ sicdsd Y EW@p O dzS sI&E 85Q dz@ |
1 " fmdzw dzj sBrn " Hdzdr f jtojlsoatstcj d@ Blstcd di30dz
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G q
2' 2! (2.40)

Uo
T

HilT =20 D i dzsc OtedW &8’ yded2 HjStej dgj dzls, W ¢

BlzH' ,a gdzHjdtny J to  BE3deOCFH15d2055, Bts dzO § o d 2 dz" Is ¢
ftcd LOcOMOdzedz 506005 1u isdilsd ydpe s O ° L dzj dz

T

~ 1
Y= 20

it o dp2@RAavtcz ydz' Hdzv ydmjdzt deséts (St tso
j2me ud ofdded, LYEN O dh),Caug) doneEs@o ko
CShs fudPlisd ssH' oL ddvHOos s, 8AP" d& ¢

fsmdz Hise dzts  to( s = 1, 2, 3, é N. A Sted3
9 dcdzv H

#t, - O=#(s- )apl=#..)° ) 20)+d () (2.41)

(p}’
VL fHOd htsdsk dBO' diBis:
.. . 1
fi(ts)+[2(mi(ts-1)_ di(ts-Z)] Cp)z .
d(t.)° 1 P=12,.0 0 o)
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| tse@eped s = 0 @igréd.)sony | ow
fsmd nso ds o dddohugsus) yeowemdgd,.) § e q
L OHOdd = L 2Oy dzdzv T i) 2 @ o W isdetsatsts o et o
BH' odfk. WOd dzcksdsj dzls' & ° § 5§t udds fdd
BkH' oz ftod L OHOd]S O%(R)#k) e claadmds™at vLIj! di
RZOMIs k4§ dzd B3 ¥ 56 BBz 2O &3 :

M(z9=2 o) 16 (2]

(2.43)

Q=2 o ()0GF G () +a

ldMmMdeso € d L OlLtetsSLH' dzd3 2.

1.7 odSttedflsOdaday 63 fdu dsdeyley kslste d BOdz

yOMmistslsd? IsteOdzimyj dzv j dals dz' o' o dgw dadz® ' o
Ctdas dzz Oz dzgd 7 ey dzgdn BSHjdzj2 BEH' o jd
fOO®j st o &ZOMdeds ' oddkzh jddr S sddo Odz

21 0f esPizEssstcdc’ zOdz! dz0 KBjsBHISO 9 twORE
tesL teOR k& dzS OR BkHu' 9 j dz (dzOH Ofdg] 2 f &E M glatizj tods
L j d3dzj)stcld il sdzOdaets  tstc’ o daW dade? totsSL teOR kz dzl ts 8
Mistedy dzj o s’ Codemtsdz dets’ (BsHjdz BEEB2EEO
5O i) ssHdQ syt SOSKlsEE j dzdzy L dzOyj dz2 BOS d o3
OB dz' IskH 9 jtchi® &sHjdk BEkH' 9o dftgd tolsftadddisCd
OCMjdzj esEteORBd 1 o Otej Misf! St L j dgdzj Is te kz
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22, 1L dzOyj dedz? -GEOPEEEI S ks h v o
©ZO s I todfdly tos dzjOwtz 2 dz' o dzd B3 B Is s H O B

td MOy v o' BtesMdce dzOdz' © o ¢ sdzz 9 OdzOTr

-3 1 * -3uldOB OGOl sC s tsdzj dzls dzd d3d HOIyd¢
"Br ¢sel &Kj br " (r Odz' ¢avdeO dzat o 1§ 5 @d drj=ifdEvdeis ¢ fis g
o' BttOyY" ’ ‘ h Z@B%[ 2d30tcC of ' Bltgdh Zd3tsdz" @ " Br

10fdfm o BtetsMde dzOdz' © odCtsdzzo Qofmmw Ek ff tow
BOGdz stsWisdz PC208Ax 2V .tcdddd o3 'StON Ytets t§ oty Hnd dzc
yofm. { B @B ~L QYO dBOGcdz Isdzd?2 dzsfyp’™ 2 9 ' Bt
My Jy Odz detst ftoetcOBEE PULCE [ 156] H dzw
Md e dOdz’ o @M Ofmtojistc” deOB " t6 Of OtcOIskzted, w ¢
odd3 tor o Odzdaw o BtesftcdMmC st j dz ‘ LOf dMmkz
' Hftso' Hdg' HBSCEGBjdsd ftes ~°  fjtcjo iz

Il dL dzOyd dzdz ( s GO EBDBhasds L OHOY' L C
9 BtoSH d&@d Wdzo Odz

JtecOdz LOYy' v IsO ftetso jHJ dadzW HJdzOd3 ydad
sfhdztso yd dzdzd »  dzts toc dzQASTIJ Q). dpdORe H © HZCZY dgj dEls” frpls
BkdzO tj  MistcOy' v cBtedL sdzlsOdzr dzgdr (5 f
9 BtosftedmC stcj dz Codemistez € y' 2 deldd w'daspds! H
dzdr T tkzdsksk. 1 " fipdew ftetse jHJdzdzw toj f Mistc O
tesL tesBdzj dzgdr ftosctcOdRRdzdr L OMtsB " 8 oSO SH
Ir . lted y!' sz o' HisGCtoj dgdzt 9 Odzdmw IsO o dL
o ' BtosftcdmC stcj dg C ts defind tastacCw’, 2 OB kIO g xz:
Ttokdzlsz. 1] tjLEkzdz O’ BtetsBSd o' BtesMmd e
Yomlstsisd Csdzdo Odz' HEMdz'" HY ko Odzdr BEZH' 9

[ JIstsH( Hsmdk teidy J dedfvs.ts dzO dzdz’ sBMisy x4 dz
d $MY jtedd3j dels Odz! dzdfiPls Oggds' sl oL' B dcdSUI3 tsde o Y dzts
HsLotsdzde fttseo jMmisd tj MstcOy' 8 o' BteOY' 2
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BjLijtjteodzd2 LOYdMm dz® ytstemisSd2 HdMmS
5j R s dzsc
0)

35'-%-«"}.~k
{ d®B3.] Bk sedyUdkz® Of OLOlSEZEO HMY HIES
ZO BEH' 9d Is©O f € dodglf clazd B o ts B delts:d3j B X
L Ofistsmize Odzdz” &3 M 2 Md3" ydeeBrB B RIsp Y C " @
9" C dzs 3 At _dktsfd3ts da56k ts to d dzg O
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1 OB E B8 M jSstcOdz! detsegts OdzOdz' L &z L
Ctsditf dzj € Mz cuJ2MiishEGHz Istfstcsaised z0@we SO, to
o' Btesmdc dzOdz' o .

tdLbkd sOlstsdz 9 S tsdzOdedzr y' *° ttsBtslsd BE
zO0o Odzls O j dz@ dzO@ B kzH ShgztzH gz o Otz sciEE8 O CIs
Tthkdis fted & Ctesfmi2mdy ydzedr € tsdzd 9 Odzdzv A
Wsdzz) IsO ftotsh stelydlessd d ZHDdcdadfs 6" H § totsd3d |

l " BtotsHddzOd3" ydz' HBMdz' HY j dedgy f totseo sH ddzd

1.1 s j toj Hdz tsd tofipd jodsap  botsL d3' M j dadaw o' Blofs
Btsy dzd 9 * Mis T A o Mils Odzts 8 dzj dzdzw s©O© sy dzd o
Hsmdz' HY J dz .

2 jtejo ' .odlsd Std@3fdzj CSIsdzg Mls+ IsO ' HetSlskz:
6y " MisteOy" =~ HJdOd ydid M tftddefte d o lStdilBy. B8 dzdz] @ C

ST H 2Mdedlsd toj ' MstcOyY' 5, LOYfdMm IO LBt
HsfMdz" HYy ko Odzsets tsBO ' CIsO.

417 H' AfMdedIsd s jtej H de® sBtetsBSCEZ jJCMmY jt
LOYfdMm" @ € tsdzd 9 Odz z0 Mmdetso ftose tcOdRdzes ¢
(M j SlstceOdz! dzd 2 O df@sdf' jLtc)j.H dz e ts 80jdaPlsizf L toj L
dzj sB R Hdzsfls® 2 dwsydzde sfls’® fweolstedlsd j ¢

5] sBkzHEZo Olsd ctOW' ¢d cetdL sdalsOdz! dzgdr Is
sO "n MfjiShted ' H Yyof fsecdzdsdzj detsec s 0OdzO

6.uWtstcdiszdzt 9 OlIsd odmdese ¢ d s ' o dz o'
T telzdzls iz

7.4 W tstcd3szdzs 9 OlIsd § syOlsC tso ERts€ GEONEHY 50
LOHOY' &0 d&oOmkikzf dsdiiz JjIsOf " Htsmd HY J dz .

v fsHOdz M 53z, "' fydzw 2015 tc. , o' Btc
SHdSSE si3f sdzjJsdzldf dedpdgdf] H ©®  Btotsf jtojlsotster 9 OYOd:
¢cWilcoxon researche. s' dz € Mmls HOIsyd¢"
HtS 6 Nis.
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sty dzd2 HOLYydS dBsHjd' 731¢ W' tedkd ¢ Wi l
COBjdzjdE HB Mj2MBsy jej HOs OUQHOY O 2 H O G
dsbkzlse k2 ¢ . tjLEzd sOIsd sBtetsB § ( fd ¢ dzO dz'
cuj2MBBsBtsds Iststcddzce Htoj HMIsOoa dzw s Is! MW  tsH d
Csd3f 66 Isj tcO. V fHOM "Bk tjLiEzd sOIsd o
sjCMssotsdts tojHOC O Miser ogdofjtd j Wdz d dzO
[156].

1 O Odzr dzd 2 odce dzwH toj ' Mistelzs Yy’ dz&" Vs
ftoeseo sHal'dathOy ‘" 2 d2' o d d3' tdzO0» Q dedpvdztstizt.daB®. teg{dp'. o '

4 _ : TR A e ¢ .
i b I . ;

M4 27.060dz dzgd?2 odedzwH 6] Mistekze Yts’ 9" B
s joAEdsts s Oz O ).

10fdMm MdcecdzOdz' @ odd3 tos o9 Odets’™ o j dzd yd dzed t
ftcsotsHdomw o dz2Of jtcjH LOHO2ABHRE MOPMisBls dzts
[y €O W' Ldydeséts MlsOdgk M stczud o Y
OdzOdz' Lk jSMfjtedd3d desOdz dzgdmr HOdzdr L O Md
jdzj i3j dzelsOdzd BEZH" 9 jdz2 IO MittelkzH. 1 ted Y' B
sy’ dzy' &3 ydetsfls® ° fls RACHDiEES M fds twigsed T d

~
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~nOtOCIsjtedmisd ¢ . 1dMEy® L HOId Mmis! M stclz
LGddzOdz detst Y tstemisC ' Mlse dzgjBjLtfjydedr fjtey
ftodfzh jdedg" HBLOBAZJAZd odCdOlsd By’ dzf Ez
Mystelznd L QdiOl@yYdsdd Ote] " Mistetse Oded &3 MY J ¢
Ctsdzd o Odz' .

ltedf 2MC OdzOMY o  HYf tse ' Hdz Mmlis! f syOls¢C sot
ftostzd 5 H Odzd 3. vtsdizz tslsted di3Odey L d3d dz" j dzdzw
L dzd 3 j dpdettstiz® s dzj Mz yts”’ L H Ols dzts i) ls| 'ts.tc fr) lss QOLS fipls] *
9 Hftse "' HO' Ldzdy j dedz® >y dbls® asets tjMmMkztehi
fsHOd sz, © wLH' &2 4 HdMjtelsOy' 2 dzets’

Il L dzOyj dzdzy CtcO2 o dHLOktEw’ IsQUOBY o B8O
odd3 s 30Ualz’ M dzd ~nOtOCIsjtedmisd¢ Is © Otc o3
J @ dze'zH 0 jdz2 SO MY stclzH

l dL dz0yJ dzdz" CtcO2 5o SRtc OR B3 6 * T f asdied LAt as
o dL flz@aey’ gipls'j ssdzk dzO MisdmsE O § OtcOd3j Ists’
f " ydz Mmis! Bjlssdzz o dL dzOy O dzOfh37]. 1zQim Asdgjdy todz
s BYSEts Otdskzo @dzf ¢ ®dstsrg 2 odL dzOyY

B4 Is s HIS|d3
10 HBf sditse s8-1 4lcfd ddPstzo Bis  dzd MW dzj tolz2 dz'
odff tctsB Iz9o Odada” B J Istsdzlz. 1 O f tod dzOH B Iz

VCtodj Istels j MisMisOdzH Otelsk ftots 2ccts o' ©Ck
fso jtorn thlessetgylzo Odadz? v 1 1 .
[fdzso &z COwOSIsjtedmisdSHa) [ § @O jaded df tok
[jssHdCO odftetsBlzo Odz B ydetsfls® B j Istsdalz
zodHS fls! bd kwOLO kS dE Soedd Ek ¢
jdzj Bj dEsOF CdmskSy' 2 odd tof o OdL)ig'scisO

ftosL 9o Zylzo Odzdzv . ) tcOn zo OdzdzV d3 Ci W'
odSstcdMmMistsozo Odzse s ff ted dzOH Iz syt = 1,74)
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26 nos.

Ilepepiz1-1, 2-2,3-3
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axkcenepomeTp 731 A

A
AN

ITig‘eqHanHsA aKceJIepoOMeTpiB:

- o kaHana 3 Ha 26 I10B.,
- 10 KaHana 4 Ha 22 IOB.,
- 10 KaHasa 6 Ha 16 1oB.
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akcesiepomerp 731 A 30HAa YIUKOIKEHHA

ITi’'egHAHHA aKCEIePOMETPIB:
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- 10 KaHaJa 6 Ha 1 MOB.
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ITepepiz 1-1
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22 1oB.
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- %cenepomerp 731A

A\ 18 nos

Ilin‘enHanHA aKcenepOMETpiB:
3 - J10 KaHania 3 Ha 22 1oB.,

- 4 - 1o xaHai1a 4 Ha 22 TOB.,

6 - 710 KaHana 6 Ha 22 T0B.
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Ilepepiz1-1, 2-2,3-3

axkcemepomMeTp 731 A

TTin‘eqHAHHA aKCEIEPOMETPIiB:
- N0 KaHana 3 Ha 24 Nnos.,
- no xaHana 4 Ha 20 nos.,
- 10 KaHata 6 Ha 14 nos.
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a(u,v)=(f,v), (4.1)
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Lm=y .. (4.2)
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U,=a ug; (4.3)
i=1
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fdzdls las@tstEs sdnS * deyj dede’ J dzj d3j delsd f tosmiststot
fOtcOdzi d&zjf " f jHO SO IbtcdcetcOdedets’™ ftodL d3d.
Sste' i3 tsets, bk 1w LA&ORBHWYISI MW ' L dg

Lo OVWLBSC MG dayd dedes’™ ystemlsStsmis’ , ftolzy dzkz
L OH Ogp'dz) il &Oltdyj® ysthmisSsmls' . 1@ Me
HEs J1u[, bkisttjlsdydss B hddstse Odzg , H dzv

jdgjted® “ 5 IsO LO fjtej d3 M j dadzv .

lted HddOd ydesddz ttsL tcOrkzdSlz ftoddzydt
OB zo O L 3 dziis O o 'dzaf dig” tztizl OR ZdzS s5d3 L O W
odJedzvHE

b(u,v) + c(u,v) + a(u,v)= (f(t), v), >0 (4.9)

Hiud N 2C0Odzy Istsydzed Bilz'HvGjdzdaitsy dzd o 4 Hlyved d3" N J
cuv) d dBtsy dzdf o ' tetsB sisd ' dzj ey’ 2 aegvl (f(ls @ 61 j d3tf W
Btsy dzd o ° tesBtslsd L tseadz hdg R sO o dzzlstc’ h dz
tesL tcOrdzS &2 Wstodglzdzs * Is! mw o d dstRWhesd o Ot
f s Hdzd d3d :

2. .2 ~ o ~
b%:Tl;’V§+ C%%’VS"L a(u,v)=(f(t),v), t>0
cH” = +

u(0) =u® (4.5)
F (0)=u

Hiu=ult)d bsydsj twuhy dzdetsyOlsC s’ L dzOyJ dedzv
hodHCBMIS' ; “dgh ' Loy dedzy s 0y MOK , Nt
ydMmj dz' dzd 2 a3 Is s H odtc’ M j dzdaw ftow i3ts”’ H
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U,=a u()m, (4.6)

i=1
Hi: u(t) 8 MS Odzw tedz' rmWdz 2@y 4 ) ' WikdC y' 9" HY ts
L OHOY"' .
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jdzj d3j dzls Bt O OZOUAHTOK dydess L OH OY & .

d2x(t)  _ dx(t)
M +C + KX(t) = P(t
e i X(t) =P(t), 4.7)
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