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BBenenne

«'pyHTBI B KauecTBE OCHOBAaHHMM, HACBIEW, CpEN, B3aWMOJCHCTBYIOIIUX C
GyHIAMEHTHBIMH ¥ OTPKIAIOMIMMU  KOHCTPYKIHSIMH, SBIISIOTCS  HamboJee
pacnpoCTpaHECHHBIM M HamOojee CIAOXKHBIM ([0 MaTEeMAaTHYCCKOMY OIHCAHUIO)
MaTepHuajoM B cTpouTeibcTBe» [6]. Ilo00HOC MHEHHE HIMPOKO PACIPOCTPAHCHO HE
TOJIBKO CpEIu CIENUAIMCTOB, padoTaroluMXx B 00JIACTH MEXaHUKU TPYHTOB H
dbyamamenToctpoeHus. [loHMMaHne TaHHOTO BOMPOCA 3aTParuBacT TAKKE YUCHBIX,
3aHSATHIX B 00JIACTH pacyeTa CTPOUTENBHBIX KOHCTPYKIMW, TaK KaK B KOHEUHOM CUETE
Y4ET B3aUMOJICMCTBHUS CTPOUTEIBHBIX KOHCTPYKIIUM C TPYHTOBBIM MAaCCHBOM MOXET
OKa3aThCs ONMpPEESIOmUM (aKTOPOM MPU MPUHATUH MPOSKTHBIX PEIICHUH.

CTrpeMHUTENbHO HApacTaIOIIME TEMIIBI OCBOCHHS IMOA3EMHOTO MPOCTPAHCTBA U
pPa3BUTHUE TMPOTPECCHUBHBIX TEXHOJOTUWA CTPOUTENBHOIO IPOM3BOJCTBA BEAET K
HEOOXOJIMMOCTH OCBOEHHUSI TEPPUTOPUN paHEE HE MNPUTOIHBIX JJIsI CTPOUTEIHCTBA
BBUJY CJOXHBIX HWHKEHEPHO-TEOJOTHUYECKUX YCJIOBUM, TOBBIIICHUS HArpy30K Ha
OCHOBaHUE, YBEJIWYCHUSI TIyOWH 3alloKeHUs (PyHIaMEHTOB U T.A., T.e. BCE TO, YTO
COOTBETCTBYET MHKCHEPHBIM HJIESIM COBPEMEHHOTO OOIIECTBA.

B cBsI3U ¢ 3TUM CyIIECTBYIOLIME HUHKEHEPHBIE MOAXO/IbI, OTPAKEHHBIE B HOPMaX
MPOEKTUPOBAHKSI OCHOBAHUM U (PYHIAMEHTOB, YaCTO HE MO3BOJISIOT JOJDKHBIM 00pazoM
OLICHUTh WJIM CIPOTHO3UPOBATHh MOBEJECHHUE T'PYHTOBOIO MAacCHBAa IJII MHOTMX 3a/ad
COBPEMEHHOTO CTPOUTENbCTBA. JlomyllleHHEe O pacCMOTPEHHH TPYHTOBOIO MAacCHBa
BUJE CIUIOIIHOM Cpeabl Jal0 BO3MOXXHOCTh HCIIOJIb30BAHUS MaTEMaTUYECKOTO
amnmnapara TEOpUU YIPYrocTh M IIacTUYHOCTH. C  pa3BUTHEM KOMIBIOTEPHBIX
BBIYMCIUTEIBHBIX BO3MOXKHOCTEM Hayaio (OpMUPOBATHCS OTHOCUTEIIBHO HOBOE
MPUKJIAAHOE HAMpaBlieHWEe MEXaHWKH TPYHTOB, coderaroiiee B cede ocHoBel MKD,
MEXaHHKHU CIUIOIIHBIX CPEJl U MHXKXEHEPHOTO TpyHTOBeAeHUs. COBPEMEHHbBIE HAay4YHbIC
JOCTUKEHUS B DTOM HAMpaBJICHUW IIO3BOJISIIOT peEIlaTh CaMble pa3JIMyHbIE 3aJ1auu
OIICHKW HampspKeHHO-AedopmupoBanHoro coctostaus (HC) rpyHToBOrO MaccuBa,
VUYUTBHIBAIOIICH HUCTOPUIO HArpyXeHus, Jaepopmariuu IJIACTUYECKOTO TEUYeHUs,
PEOJIOTHYECKUE CBOMCTBA TPYHTA, TEOPUIO (QUIBTPALIMOHHONW KOHCOJUIAIMUA B OJHOM

KOMILICKCEC, T.C. B paMKadX OJHOI'O paC4CTHOI'O I10AX0Aa.
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[Tpumepom peanu3aryu TaKoro IMOX0/1a SBHIIOCH MOSBIICHHE TAKUX CIEIIHATbHBIX
nporpaMMHbIX KomiuiekcoB kak PLAXIS, ZSOIL, FEMmodels, MIDAS GTS u ap.,
pa3pabOTaHHBIX CHEIHMATBHO IS PEIICHUS Te0OTEXHUUECKHX 3a/1a4. B mocneanee Bpems
TCOTEXHUYCCKUN MPOTPAMMHBIA MOAYJIb CTal TOSBISITHCA B TaKMX YHUBEPCATbHBIX
pacuyeTHpix Komiuiekcax, kak ANSYS, ABAQUS, NASTRAN wu np., a Takxke B
IporpamMmax, OPHUCHTHPOBAHHBIX B OOJIBIICH CTEIEHH Ha pacdeT CTPOUTEIBHBIX

koHcTpyknuid (SCAD, Lira, MicroFE, Stark).

1. OO01mue cBeaeHus

[IK MIDAS GTS sBnsercs OAHHM H3 TPOTPAMMHBIX MPOAYKTOB KOMITAHUU
MIDAS IT (MIDAS Information Technology Co., Ltd.), ochoBanuo#i B 1989 r. B
Kopee. MIDAS GTS pa3zpaboTan crienyanbHO ISl IPUMEHEHHUS B 00JIaCTH F€OTEXHUKH
n toHHenectpoeHus. Jlanueii 11K mmpoko nmpumMensiercs B cTpaHax cpegHend Azuw,
Snonnn u EBpome mnpu MPOEKTUPOBAHHM YHUKAIBHBIX OOBEKTOB TPaXKIAHCKOTO,
MIPOMBIIICHHOTO ¥ TPAHCTIOPTHOT'O CTPOUTEIHCTRA.

IIpe- m moct-mporieccoprl, OTBeuaronue 3a uHTepdeiic, rpadpuueckyro cpemy,
pazouenue cetku KD, a Takke BBIBOJ PE3YJIHTATOB PACUYETOB pa3padaThIBAIOTCS
HerocpencTBeHHo camoii kommanuein MIDAS IT. Pemarenu, T.e. MaTeMaTHYeCKUN
anmapat pemieHus 3amad MKD, 3anoxeHHBIM B mporpaMmme, paspalaThIBacTCs B

komnanuu TNO Diana.

2. Onucanue I[IK MIDAS GTS

2.1 PacueTHbIe BO3MOKHOCTH

B I[IK MIDAS GTS npencraBieHsl cleAyOIUE pacyeTHbIE BO3MOKHOCTH.

A. Cmamuueckuii pacuem (Static Stress Analysis)

1) Jlunevinwiii (Linear static stress analysis)

2) Henuueiinpiii ynpyruii u ynpyro riactuueckuii anaiaus (Nonlinear elastic &
elasto-plastic analysis)

B. Pacuem gpunempayuu 600wt

1) Pacuet ycranoBuBiierocs teueHus ( Steady state analysis)
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2) Pacuer HeycTaHOBHUBIIIETOCS TeUeHUs, T.¢. BO Bpemenu (Transient state analysis)

C. Cosmecmuniii cmamuyeckutl u gurbmpayuorHull pacuem (Stress-Seepage
Coupled Analysis)

D. Pacuem xoncoauoayuu epynma (Consolidation analysis)

E. IToomanuwiii pacuem (Construction stage analysis)

1) Henunelinbri

2) YcraHoBuBIascs GUIbTpanus

3) HeycranoBuBiascs ¢hpuabTpanys

4) KoHcomuaanus

F. Pacuem na ounamuueckue 8030eicmeust

1) Eigen value analysis

2) Response spectrum analysis

3) Time history analysis

4) Complex response analysis

G. Pacuemwi ycmotiuugocmu

1) Meton cHKeHHsI TPOYHOCTHBIX XapakTepucThk (Strength reduction method)

2) TlpenenpHOE paBHOBECHs WM HampsbkeHHOoe coctostaue (Limit state stress
analys)

2.2 Metoanbl pemienusi CJIAY

A) Ipsimoii pemaTens

- CKaillaiH

-MYJIbTH-(POHTATLHBIH

b) Utepanmonnslii pemiaresns

CG and GMRES

Pre-conditioner

2.3 HesqinHeliHbIe pemiaTesu
[1 Meton noctostHHBIX JkecTkocTer (Constant stiffness method)

[1 Meton cexymux xectkoctei (Secant method)
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[1 Meton Herorona-Padcona (Newton-Raphson method)

[1 MogudunupoBanusiii Metoa Hetotona-Pagcona (Modified Newton-Raphson

method)
Ta6JII/IHa 1. MeToabl IMOJIYYCHH HCJIMHCUHOI'O pCIICHUA B COOTHOLICHUH C
THUIIAMHA paCYCTHOI'O aHaInu3a
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2.4 Moaenu matepuaJa (rpyHTa)

-nuHelHas vipyras moaens (Linear Elastic Model):

-JTMHEeNHas MOACJIb TPAaHCBCPCAJIbHO H3O0TPOIIHOTO

Model);

tema (Transversely Isotropic

-mozenb Tpecka (Tresca Model), B oreuectBenHoit nureparype — mozenb CeH-
Benana-Tpecka uim TpeThs KIIACCHYECKask TEOPHUs IPOYHOCTH;

-mozenb Mmuseca (Von Mises Model), B oreuecTBeHHO# uTEpaType — MOJICIb
['yoepa-Museca uin 4eTBEpPTAst SHEPreTUYECKasi TCOPHUS MPOYHOCTH;

-yrpyro-miactudeckas Mmoaeirb Mopa-Kynona (Mohr-Coulomb Model):
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-yrpyro-mactudyeckas Mmoaesb JIpykkepa-ITparepa (Drucker-Prager Model):

-runiepoosmaeckas mojenb (Hyperbolic Model, Duncan-Chang Model);
-MoJieTb paszynpounstonierocss (mpu (opmomsmenennu) rpyHta (Strain Softening
Model);
-moauduirpoBanHas moaenb Kam-Kireii (Modified Cam-Clay Model);
-Mo7elb cKkaipHOoro rpynTa (Jonted Rock Model);
-MoAuUIIMpoBaHHas (YIpOoro-rmjaacTuueKas MOJENb C YIIPOYHEHHUEM) Moienb Mopa-
Kymnona (Modified Mohr-Coulomb Model);
-HenuHeiHas mozens cBau (Pile Nonlinear Model);
-Hoek-Brown Model, HenuHeiiHas mnpOCTpaHCTBEHHAS MOJEIb pa3pyIICHUS
CKaJIbHBIX TPYHTOB;
-Jardine Model, mozmens, coucraromias HeJIMHEHHOE yIpyroe achOpMHUPOBAHUE U
IUTACTHYECKOE TeUeHne 0e3 ynpouHeHus (B COOTBETCTBHH C COOTHOIIECHUSIMH Tpecka)
-D-min model, mMonens ckajabHOrO TpyHTa ¢ KOHCTAaHTAMH, M3MCHSIONIUMHCS Ha
KaXK/I0# CTYIIEHU HArPyKECHHUSI.
2.5 bu6JuoTeKka KOHEYHbIX 3J1€eMEHTOB
A) TpexmepHble 3JIeMeHTBHI IS MOJEJMPOBAHUS TNOBEAEHUs] TPYHTA H

MAaCCHUBHBIX KOHCTPYKIUH
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ECS z-axis

4 - x y3n0601i mempasop
ECS y-axis

10 - mu y3n060ti mempas0p ECS xaxis

(1— 2 direction)
~u ECS x-anrs

6- mu y3noeoti nenma’op

15 - mu y3noe6o0ti nenma’op

ECS x-axis
(12 direction)
ECS z-axis
ECS y-axis
i 7 A

8 - mu y3no0eoti eexca’aop

20 - mu y3n0860ii cexca’op

ECS x-axis

1 2

(a) low order (b) high order

B) I[ByMepHLIe JNIEMEHTHI 1JI MOACIMPOBAHUA IMTOBEACHUS 'PYHTA

Dnemenmaut nA0CKOU 0eqbopmauuu u ocecummempudHvle 3J1€EMEHNIbL.

3-x " 6-TH

3 ECS y-axis

Y3JI0BOU

TPEYrOJIbHUK

_ ECS x-axis
{12 direction)

ECS x-axis

! {1 -2 direction)

N

. 2

4-x wm 8-Mmm ECS y-axs
Y3JI0BOU

YETBIPEX h=o

ECS x-axis ECS x-axis

YTOJIbHUK
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B) Il.1ockue 31eMeHTHI 11 MOAEJINMPOBAHUS KOHCTPYKIMH

M3rubaemspiii
JIACTUHYATHIHN
3JIEMEHT (a;emMeHT

000J10YKN)

DNeMEHT  IUIOCKOTO
HaIPSHKEHHOTO
COCTOSIHUS (6anka

CTEHKa, MeMOpaHa)

ECS z-axis

ECS y-axis

. ECSxas
(12 direction)

2
ECS z-axis

. ECS y-axis

——_, ECS x-axis
(1= 2 direction)

» ECS y-axis

. ECS x-axis

F) CTep)KHeBLIe AJIEMEHTHBI 1JIsi MOACIMPOBaAHUA KOHCprKHI/Iﬁ

CmeporcHegotl 31emenm - 0CEBOE CKATUE U PACTSIKEHUE

Cmepoichesoll  sn1emenm € BO3MOXKHOCTBIO MOJCIHPOBAHUS 0€3  Y3JIOBOTO

COOTBETCTBHUS C ABYX U TPEXMEPHBIMU 3JIEMEHTAMH (OCEBOE CIKATHE U PACTSIHKEHUE)

Banounwiti uzeubaemviii snemenm, NO3BONAIOMINNA YUUTHIBATh OCEBOE PACTSKEHHUE

WK CXKATHC, n3rud B ABYX IINIOCKOCTAX, CABUI' U KPYUCHHC.

J1) Bcnomorarte/ibHble KOHEYHbIE 3JIEMEHTBI

Humepdgheticnvie(konmaxkmmuole) sn1emenmsl ISl MOACIUPOBAHUS TIOBEJACHUS Ha

KOHTAaKTC€:

V3n0B, IUHUN WU
kpaee  (2-x, 3-x
Y3JI0BOU B
3aBHCUMOCTH oT
THIIOB DJIEMEHTOB Ha

KOHTaKTE)

10
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[ToBepxuocreii  (4-X,

8-mu, 3-x, 6-TH
y3JIOBOH B
3aBUCUMOCTH OT

THUIIOB J3JICMCHTOB Ha

KOHTAKTe)

Onemenm O0ni MOOEIUPOBAHUs. C8All; COCTOUT U3 OAJOYHOIO 3JIeMeHTa U
00beMHOTO HMHTep(elicHOr0o 3JjieMeHTa, O00eCHeUnBaOIIETO CBsI3h  OOKOBOM
MMOBEPXHOCTH | TOPIIA C 0OBEMHBIMH JIEMEHTAMU TPYHTOBOTO MAacCHUBa.

C6513b KOHEUHOU HCeCMKOCMU.

Abcontomnuo snecmrue cea3u.

OonocmopoHHue ynpyaue Ces3u.

Ce53uU ¢ MAMPUYHBIM 3A0AHUEM IHCECMKOCMEN N0 PA3IUYHbIM CHMENeHAM C80000bL.

Kak BumHO u3 onucanHoro nepedHsi Bo3moxkHocrtei, [1IK oGmamaer nocrtaTounoi
TeoOpeTHuecKon 0a30i NIl MOACIUPOBAHUS CAMBIX PA3JIMYHBIX T'€OTEXHUUYECKUX 3a7a4
(BKITFOUAST CTPOUTENBHBIC KOHCTPYKIIMH ), BOSHUKAIOIINX B COBPEMEHHOW CTPOUTEIHLHOM

MIPaKTHUKE.

3. Bepuduxanus

HecMoTps Ha Bce MHOTOOOpa3ue pacueTHBIX BO3MOXKHOCTEH, METOAMK PEIIeHUs, a
TaKKe€ pa3IMYHBIX TUIOB KOHEYHBIX DSJIEMEHTOB, Ha JaHHBII MOMEHT B 00JIacTH
MPAKTUYECKUX TE€OTEXHUUYEKUX PACUETOB MPUMEHSIETCS JIMIIL HE3HAYUTEIbHBIA HA0Op
ONMCAHHBIX BO3MOXHOCTEH.

Heabo paHHOW paboThl 1O BepUUKAIUUA SIBISETCS BCECTOPOHHSIS OIICHKA
HanboJiee pacpOCTPAaHEHHBIX B POCCHICKOM MPAKTUKE PACUETHBIX MOJIEIICH MTOBEICHUS

TPYHTAa U CTPOUTEIBHBIX KOHCTPYKIIMH, THWIIOB pEIIa€MbIX 3a/ad (JIMHEUHBIH,

11
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HEJIMHEHHBIA CTaTUYECKUM aHaliu3, MOJTAIlHbIE pacueThl M T.1I.), a TakKe METOAO0B
peenus 3tux 3aaa4 (pemenue CJIAY, BUbI HETMHEHHBIX PACU€TOB U T.11.).

B xadyecTBe OCHOBHBIX 32/1a4 MOYKHO BBIJICTTUTH CJICTYIOIICE:

* aHAJIN3 TEOpETUYECKOM Oa3bl BepuduiupyeMbix Bozmoxknocrei [1K;

*co3fanue 0a3bl HTAJIOHHBIX pEHICHUH 3ajlad MEXaHUKU TPYHTOB, a TaKxKe
MIPOCKTUPOBAHKS OCHOBAaHWUU, (YHIAMEHTOB M IOJ3EMHBIX COOPYKEHHH (CTporue
AHATMTHYCCKHC peIIeHMS, BepU(UITMPOBAHHBIC YUCJICHHBIC peIIeHHS,
anpoOupOBaHHbIE METOANKHU, SKCIEPUMEHTAIbHBIC U HATYpPHBIC JIAHHBIC);

* TOITOTOBKA UCXOIHBIX JAaHHBIX JJIS PEIICHUS TPUMEPOB BepupUKaIuu;

* pCIICHHE TPUMEPOB BepUGUKAIIMK W TIOCICAYIONINN aHAIM3 TOJYYCHHBIX
PE3yNbTATOB IyTEM CPaBHEHUS C ATAJIOHHBIMU PEIICHUSMH;

* OIICHKA YpOBHS HcCHoOJb30BaHus Bepupuuupyemoro IIK B MupoBoii mpaktuke
CTPOUTEBCTBA,;

* o0mas onenka I1K.

Takum 006pazom, BepuPUKaIMOHHBIN OTYET ObLI pa3/ieieH Ha 4 Toma:

Tom 1. Ob6mue cBeaeHus. Matpuiibl Bepudukamuu.

Towm 2. Bepudukanuonnsie npumepsl u3 MIDAS GTS verification manual

Tom 3. Bepudukanuonusie mpuMepsl, NpeIoKEHHBIE IKCIIEPTAaMU U aBTOpaAMU

oTyera

Towm 4. Oneit npumenenus MIDAS GTS B mpoekTHON MpakTHKE

Haubonee Tpynoemkoi 3aiaueit cpeiv OMMCaHHBIX BBIIIIE SBISICTCS CO3/IaHMe 0a3bl
ATAJIOHHBIX (TECTOBBIX) MPUMEPOB, MOAXOASAIIMX JJII BO3MOXKHOCTEH MPOTPAMMHOTO

KOMILJIEKCa, BHIOPAHHBIX K BepUDUKAIUH.

4. Bepu¢puuupyemMbie BO3MOKHOCTH
Tun 3apau
1. Cmamuueckuii pacuem (Static Stress Analysis)
o Jlunetinsiii (Linear static stress analysis)
e Henuneitnplii ynpyruii u ynpyro miactuueckuit ananu3 (Nonlinear elastic &

elasto-plastic analysis)
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2. Pacuemul ycmotiuusocmu
e Mero CHIKEHHS TPOYHOCTHBIX Xapakrepuctuk (Strength reduction
method)
Metoabl pemnenust CJIAY
® MyIbTU-(PPOHTAIBHBIHI
HesmHelinble pemareau
e Meton Herotona-Padcona (Newton-Raphson method)
Bepuduuupyembie KOHEUHbIE 3JIEMEHTHI
A) TpexMepHble 3J1eMeHTHI /ISl MOJEJHPOBAHUSI IOBeAEHHMSA TIPYHTA W
MAaCCHUBHBIX KOHCTPYKIUH
e 4 - X y3]I0BOHM TETpadIp
e 8-MH y3JI0BOI reKkcadip
e 10 - Ti y310BO# TETpAdIP
e 20-TH y370BOI rekca’ap
b) JIByMepHBbIe 3J1eMeHThI AJis1 MOAeTUPOBAHUS NOBEAeHUS] TPYHTA
DJIEMEHTHI TIOCKOU JIeopMaIiii U OCECUMMETPUUHBIC SJIEMEHTHI:
e 3-X y3JI0OBOM TPEYrOJIbHUK
® 6-TH y3JIOBOI TPEYTOJIHHUK
e 4-X y3710BOW YETHIPEX YIOJbHUK
e 8-MU y3JI0BOIl YETHIPEX YTOJIBHUK
B) iBymMepHBbIe 31eMeHThI JI1 MO/IeJTUPOBAHNSA KOHCTPYKIUIA
o U3rubGaemplii TUTACTUHYATHIN 3JIEMEHT (JIEMEHT 00O0JIOUKH )
I') OnHOMepHBIE 3JIeMEHThI 1JIS MOACTUPOBAHUS KOHCTPYKIMIA
e banouHblil U3rudaEMBbIil AJIEMEHT
1) UntepdeiicHble 21eMeHTb
e 1D unTEepdEiCHBIN dTEMEHT
e 2D unTepdeicHBIN 3eMEHT
E) CneunanbHbie 371€MEHTHI
® CBAaMHBIN IJIEMEHT

¢ OJHOCTOPOHHHUC CBA3H
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® KECTKHE CBS3U
Mopenu maTepuaJia
® JINHEWHO-YIIPYTasi MOJAEIb
e ympyro-mactuueckas moaens Mopa-Kymnona
e ymnpyro-maactudeckas Mozens pykkepa-IIparepa
Huxe onucana teopernueckas 0asa, 3anokeHHas B 1K, mo3Bomstonias npoBoaAUTh

BBIYHCJICHHA B paMKaX OIIMCAHHBIX BO3MOKHOCTEH.

5. TeopeTuyeckue 0CHOBBI
[Iporpammusiii  komruieke MIDAS GTS mnpennasnadeH mis pacdy€ToB Ipu
MPOEKTUPOBAHUM (IO HECylIed CrnocoOHOCTU W JedopManusiM) U HUCCIEAOBAHUAX
OCHOBaHMM © reoTexHuueckux oObekToB. [Iporpamma MIDAS GTS peanusyet
peIIeHne TUIOCKUX (TUTocKas aedopmarius), MPOCTPAHCTBEHHBIX M OCECUMMETPUIHBIX
3a/1a4 O CIAEAYIONIMMU BUAaMU (HU3NUECKON HETMHEHHOCTH:
" [UIacTHYECKOoe (POPMOM3MEHEHHUE C JUIATaHCHUEH;
* nedopMupoBaHHE MPHU PACTHKEHUN 0€3 COMPOTUBIICHUS;
" CJBUT M0 33JIaHHOM (KOHTAKTHOI) MOBEPXHOCTH.

PacuétHbie 001acTH CUNTAIOTCS CIUTONIHBIMU, OJTHOPOTHBIMHU M H30TPOITHBIMH.

Marematnyeckass MoOJEdb TpPyHTAa ONHUCBHIBACTCS ypPaBHCHUSIMU  TCOPHH
yOpyroctu (JUHEHHO neopMupyeMon cpesibl) U TEOpuH TuiacTuaHoCcTH. [Iponenypuyto
OCHOBY alTrOpUTMOB, peanu3zyembix B mporpamme MIDAS GTS, cocraBmsieT meToq
KOHEYHBIX AeMeHToB (MKD).

[Iporpamma mo3BOJISIET MOACIUPOBATH KHUCTOPHIO» BO3BEACHUS (0Opa3oBaHUS)
00bEKTa, U3MEHSA HE TOJBKO HArpy3Ku, HO Takxke J00aBisisi (pparMeHThl pacyETHON
obmactu (Stage construction).

Jnsa 3amanus HavaneHoro HJIC rpyHTOBOrO MaccuBa B cCilydae IPUMEHEHUS
noatanHoro pacyeta B [IK nmpeanoxkeHo asa croco0a:

= Ky - mpomenypa, TAe€ TMOJe HAMNPSHKCHUA MOXKET (QOpMUPATHCA TIO0

THIPOCTAaTHYECKOMY (G; = Gx = Gy) MJIM T€OCTaTHYECKOMY 3aKOHY (G, # Ox =
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Gy) B 3aBMCHMOCTH OT 3a/JaHHOT'O IOJIb30BaTeNeM Kod(dduienTa 60KoBOro
JABJICHUS TPYHTA B COCTOSTHUH TTOKOsT Ko;

" Harpy)XeHHe MaccMBa OOBEMHBIMH CHJIAMH COOCTBEHHOTO Beca TPYyHTa, B
pe3yibTaTe Yero BBIUMCISETCS KaK I0JIe HaNpsHKEHUM, Tak U MOoJe
nedopmanmii. 3mech OO0koBoe (TOPH3OHTANIBHOE) NIaBIEHWE TPYHTA
ompeJeNnsieTcss B IMpoIlecce pacdyeTa B 3aBUCUMOCTH OT KoddduimeHTa
Ilyaccona wmarepuana (ympyroe COCTOSIHHE), a TakXe IPOUYHOCTHBIX
XapaKTEPUCTHK (B TOUYKAX MPEICTLHOTO COCTOSIHHSI, OTMMCHIBAEMOTO TOW WJTH
WUHOM yIpyro-mjiacTH4ecKor MOJIENbI0 MaTepuana).

[Ipu sTOM wWCXOAHOE HANPSHKEHHOE COCTOSHUE, JOCTUTHYTOE CHCTEMOW JI0
MIPWIOKEHUST HATPY3KH, TAK)KE MOXKET OBITh YUTEHO B BHUJIC MTPOU3BOJILHBIX TEH30POB B

KOHTUHYaJIbHBIX KD 1 ycunuii B crepxHeBbix KO.

5.1 ®du3nueckue ycjaoBus 3aaa4. Onucanue pac4éTHbIX MojieJieil TPyHTA
Ucnons3yemsie B mporpamme MIDAS GTS pacuérHble MOJETH OCHOBBIBAIOTCS
Ha CIEIYIOUIUX MOJOKEHUSIX:

" TOUYeYHBIC ()parMeHThl (JIEMEHTapHbIE 00BbEMBI) PacUETHBIX OOJACTEH MpHU
Harpy>KeHU1 POXOMST cTaauu JOTIPEICIIBHOTO (TuHEHHOTO
nedopMUpoBaHKS) U MIPEASTHLHOTO (IJTACTUYECKOTO TCUCHUS) HAIIPSKEHHBIX
COCTOSIHUM, OINHUCHIBAEMBIX (PU3UYECKUMHU ypaBHEHUSIMU ~ TEOPUH
YIOPYTrOCTH U MJIACTUYHOCTH TPYHTOB;

" B CBSI3U C HEPABHOMEPHBIM PACHPEICICHUEM HAIPSIKEHU B KOHTUHYYME
(TpyHTOBOM MacCuBE) HMEIOT MecTo o00a Buaa (JompenesbHOEe W
MpeIeNIbHOE) HAMPSHKEHHOTO COCTOSHUS, JIOKATM3UPYIOMUECS B 00JIacTsIX C
(bUKCHpYEMBIMHU pacue€TOM TPAHUIIAMU;

" [pefeibHbIE COCTOSIHUSI PacyE€THBIX oOsacTed (moTepsi YCTOWYHMBOCTH,
MPOTPECCUPOBAHUE TEPEMEIICHUIN) SABJISIOTCS  CIEICTBHEM  Pa3BUTHS
MJIACTUYECKUX 00JIacTel, JIMHUI CKOJIBKEHUS U HAKOTUICHUS TIPUCYIIUX UM

nedopMariuii.
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Ha craguu nuHEenHOro ,Z[C(bOpMI/IpOBaHI/IH (I[O JOCTHXKCHHUA IIPCaciia TCKY‘{CCTI/I)
HanpssKEHHOE  COCTOSIHME TpPyHTa OIKCBIBAETCS YpPAaBHEHWsAMHM 3akoHa I'yka m

cooTHomeHni Ko, koTopble npeicTaBieHbl B TadauLe 2.

Tabauya 2. CootHouienus Ko n ypaBHeHus 3akoHa ['yka Ji1s1 KOHTUHYaJIbHBIX

pacu€THbIX o0nacTen

BH..H CooTHollIeHHs
HANPSKEHHOTO Komm VYpaBHenus 3akonHa ['yka
COCTOSIHHS
U E
ITnockast e = G_V; o = [e,(1—v) — ve,]
nedopmanust ; 0z ] 1+v)(1-2v)
Uu oav
=—4+—; = —
Yaz = 5, " ox trz = Vez 2(1+v)
E
ou
— . = 1-— — + ;
OcecuMMeTpUIHO av
HaTPsHKEHHOE v _ N .
COCTOSIHUE €0 = x’ Og = (1+v)(1-2v) [eg (1 —v) v(ete, |;
oy N av E
Vaz =357 T 55 T = Ve 31 4 o)
ou E
—— —_— 1 — — ;
%4 E
g =—; o, = [e, (1 —v) —v(ecte,];
dy 1+v)(1-2v)
av E
= = 1—v) — .
[TpocTpaHCTBEHHO & =5 o, DD [e,(1 —v) —v(e,+g)];
¢ U . 14
HaNpsHKEHHOE Vg = =— + = Tey = Yy ————
COCTOSIHHE 665 gﬁ/ v 2(1E+ V)
=——t—== =y —
yxy ay ox Txz Vxz 2(1 + V)
ow av E
= Ty e =gy

B ypaBHeHusx Tabnuiibl 2 MPUHATHI CIETYIONINE 0003HAYCHUSI:
U, W, V — cocTraBinsitoniiue rnepeMeIieHuii B Touke mo HampasieHusm oceit X, Y, Z;
Ox, Oy, Oz 0, Tuys Txzs Tyz €x0 &y, €25 €0y Vxyr Vxv Vyz — HOPMAIIbHBIE U KacaTENIbHbIE
HaIpsDKEHUST B COOTBETCTBHUHM CO CXEMaMH TaOaWIbl | M COOTBETCTBYIOIIUE WM

HOpPMAJIbHBIE U YTJIOBBIE Ae(pOpMalIUH;
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E, v — nedopmaniMoHHbIE XapaKTEPUCTUKHU: MOAYJb Achopmaiiuu, KodPPuiueHT
nonepeunoit nedopmaruu (koapdunuent [lyaccona).

VYpaBHenust 3akoHa ['yka 3ammcanel B ¢opMe  (HampsDKEHUS—CIIEBA,
OTHOCUTEJIbHBIE Jedopmaluu—crpaBa), KOTOpas MpUHATA B MaTEMaTUYECKUX
npoueccax MKD.

YcaoBus (mpezenbl) TeKydecTH (TOTPaHUYHBIE COCTOSHUS MEXIY JUHEHHBIM
nehOpMUpPOBAaHUEM U TUIACTHYECKHM TEUYEHHUEM) TPU CJIOKHOM HANPSOKEHHOM
cocTossHUM (CKaTud ¢ (POPMOM3BMEHEHHEM) DJJIEMEHTAPHBIX OO0BEMOB TPYyHTA

OIIUCBIBACTCA YPABHCHUAMM, KOTOPBIC COACPIKATCA B Ta6J'II/IH€ 3.

Tabnuya 3
YcaoBus (mpeensl) TEKYy4eCTH MPHU CI0KHOM HAMPSHKEHHOM COCTOSTHUM
Bun Hanpsik€HHOTO HaumenoBanue Bun ypaBHeHui
COCTOSIHHMSI YpaBHEHHI
- 1-sin 1+sin
[Tiockas VYcnoBue Mopa-Kynona o1 2_‘P — 03 2_9" =1 wm c
nedopmanus, ccosp ccos@
HPOCTPAHCTBEHHOE I/ICHOJIfS}OBaHI/ICM VHBapUaHTOB:
u —gllslngo + /2 (6059 +
OCCCUMMETPHTIHOC 13sinbsinp—ccosp=0
HanpsoKEHHOE
COCTOSIHHE
Ycnosue [pykkepa- [Jl, —al, —k=0
IIparepa (Mwuseca-
Ineiixepa-borkuna) K = b6ccosg
V3(3 — sing)
2sing
a= .
V3(3 — sing)

HDI/IMeLIaHI/IeI CKATHUC CUHHUTACTCA IIOJIOKHUTCIIbHBIM HaIIPABJICHHUCM HaHpﬁ)KeHHﬁ.

B ypaBHEHHsIX TaOIUIIBI 3 PUHATHI CIEIYIONIHE 0003HAYEHUS:

li=01+0,+03, [,=116[(01—02)*+(0,—03)°+(035—01)°] — mepBbIil HHBAapHAHT TEH30pa U
BTOPOI MHBAPHAHT JE€BHATOPA HANPSDKEHUI MPOCTPAHCTBEHHOIO U OCECHMMETPHYHOIO
HANPSKEHHOTO COCTOSIHUS,

01, 03, 03 — TJIABHBIE HAIIPSDKCHHS B TOUKE;

@, C —yr'oJI BHYTPCHHCTO TPCHUA, YACIBHOC CLCIIJIICHUC,
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@, K —TIpOYHOCTHBIE XapaKTEpUCTHKU TpyHTa B ypaBHeHuu JIpykkepa-IIparepa,
aHaJIOTHYHBIC @ H C.

[TostHOE OMMCcaHWe MOIeIIeH TPEICTaBICHO B MaTepraiax [3].

I'paduyeckas wuTIOCTpalys (IByXMEpHAs aHAaJOTWsA) Pa3BUTHS HAMPSHKEHHO-
ne(GOpPMHUPOBAHHOTO COCTOSIHHS B COOTBETCTBHH C PacCMaTPHBAEMON MOJIEINIBIO
IpeJicTaBlicHa Ha pUCyHKe 1.

a |

0 s

Pucynok 1. JIByxmepHas ananorus 3apucumocta & = f (o)
Haknonnsiit yuactok OA nuarpammbl 1300pakaeT JUHEHHOE 1eopMUpPOBaHUE
IPYHTa B COOTBETCTBUM C YPABHEHMSAMH 3aKOHA ['yka, Touka 4 — Ipenen TEKy4ecTH B
COOTBETCTBUM C ypaBHEHUSIMU TaONUIbI 3, TOPU3OHTAIBHBIA y4acTOK AB
COOTBETCTBYET CTAIUU IUIACTUYECKOTO TEUCHHUS.
IIoBEpXHOCTh TEKYy4YECTH B MPOCTPAHCTBE TJIABHBIX HANPSHKEHUW UL MOJEIEH
Mopa-Kynona u [Ipykkepa-Ilparepa npencrapieHa B Ta0OuIle.

['maBubIM oTiimunem moaenu Mopa-Kynona ot monenn [pykkepa-IIparepa sasnsercs
TO, YTO YCIIOBUE TEKYYECTH HE 3aBUCUT OT IMPOMEKYTOUHOI'O (TPETHEr0) TJIABHOIO
HAIpsDKEHUs, B pe3ysibTaTe Yero IOBEPXHOCTh TEKYy4eCTH TPEACTaBIsIeT Cco0oil
mecturpannyro nupamuny. s moxenn lpykkepa-IIparepa [36] aTa mOBEpXHOCTH
MEePEXOUT B KOHYC, ONMChIBaeMbIil ypaBHeHUEM (Tadnuia 3). Och KOHyca COBIMAJAET C
TUAPOCTATHYECKON OCBIO TJIABHBIX HANPSHKEHUW. ABTOPBI NPUHSIIN JOMYIIEHUE O TOM,
YTO TPYHT HA CTaJWH IJIACTUYECKOTO TEYEHUS SBIIETCA HACAIBHO IUIACTHYECKUM
TEJIoM, O00JIaJaloNMM CBOMCTBOM JWJIaTaHCUU. B ycrnoBusx mmiockoi nedopmaruu

TPETHE I'NTAaBHOC HAIIPSAKCHHUEC PABHO

03 = —2a Iz
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r1€ o — TPOYHOCTHAs XapaKTEpHUCTHKAa B YCIOBUU TEKyuyecTu, [, — BTOpOU

VHBApUAHT JIEBHATOpA HAIpsKeHUU. KacarenbHble HANPSIKEHUS 73, T3 PABHBI HYJIIO.

Ta6nuna 4. Bujsl TOBEpXHOCTEH TEKy4ECTH

[ToBepxHOCTB
TEKY4ECTH Mopa- <,

Kynona

[ToBepxHOCTH

TEKY4ECTH

Hpyxkepa-IIparepa

19
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5.1.1 Ynpyro-mjiacTuuecKuii pacyer
[Ipomomxenne nedopmaruii  pacuéTHON 00JACTH TIOCIIE JOCTHIKCHHUS
MPEAEIIBHOIO HAMPSHKEHHOIO COCTOSHUA (B COOTBETCTBUU C YPAaBHEHUSIMHU TaOIULBI 3)
OMKCBIBAIOTCS CIEAYIOIIMMHU MOJOXKEHUSIMU U (POPMYITBLHBIMU 3aBUCUMOCTSIMU:

» oOmme nedopMalk COCTOST W3 JIMHEHHBIX - (€, ONMCBIBaGMBIX
ypaBHEHHUAMH 3aKoHa ['yka) U MIacTUYEeCKUX COCTaBIAOMUX P
g =¢¢+¢P;

" JIMHEWHbIE U TUIACTUYECKHE COCTABIIOIIME MEpEMEIIeHU u aedopmaruil
cBsi3aHbl cooTHoeHusIMU Ko (Tabuna 2);

" BEKTOpPHI TJIABHBIX JIMHEWHBIX, IUIACTHYECKHX Aedopmanmii ¥ TIaBHBIX
HaAMPSHKCHUN MPUHATHI COOCHBIMU;

" JUIACTHMYECKHE COCTaBJISIOIME JedopManuil COCTOST U3 IJIACTHYECKOrO
dpopMon3MeHeHUsT (YUCTBI CcOBUT) U 00BEMHOrO JehOpMHUPOBAHUS
(mmmataHcun).

Wnes Teopuu MiIacCTUYECKOTO TEUEHUs 3aKIIOYaeTCsd B TOM, UTO IOJIE CKOPOCTEN
(unm mpupamieHuit) iacTudeckux aedopManuil (GOpMUPYIOT YAaCTHBIE MPOU3BOJIHBIC
HekoTopoil ¢yHkumu F(o;))=0 (mractuueckoro moTeHmuana). B obmem Buae

IpUpAIICHHUE TUIACTUYECKUX Ae(OpMalUil BBIpaXKaeTcsl CIEAYIOLIMM 00pa3oM:

oF 2.
der = 228 (5.2.1)
do

rac (bYHKI_[I/Iﬁ F Ha3pIBaeTCs miacTHYECKUM IIOTCHOHMAJIOM;

oF .
o, ~ XapaKTepu3yeT HANpaBICHUE MPUPANICHUS MIACTHYIECKAX nedopmariuii
g

(HampaBiieHa TEPIEHIUKYISIPHO TOBEPXHOCTH, OmpenerneHHo QyHkiuendn F B
MIPOCTPAHCTBE HANPSHKCHUN O)

J — wMamas CKajspHas BeJIWYMHA, ONPEIENSIONas BEIHMYMHY IUTACTUYECKUX
nepopmaluii, BIYrciasieMast B pOLEcce pacyera.

B xauectBe F MOXXHO NPUHATH YCIIOBUE TEKYYECTH.
Paccmotrpum mpocrtoii npumep. B dacTHOM ciydae ycimoBue Tekydectu Mopa

Kynona npu ¢=0 nepexoaut B ycnoBue Cen-Benana — Tpecka:
1-sin 1+sin
¢ _ o @

Py —1=01—-03-0 =0.
1 2ccos@ 3 2ccos@ 1 3~ Omexyuecmu

Fﬂe O-mekyqecmu :ZC'
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Torna
de1p= A[0(01 — 0% Operyuecnu )/0012]; der = A, dey=— 4;
der =—dgy ;
OTO YHUCTBIA CHABUT MpPU MOCTOSHHOM OOBEME M NPEICTaBIAET COOOM
aCCOLIMMPOBAHHBIN 3aKOH TeUEHUsI 0€3 TUIaTaHCUU.
B o6miem ciydae ucnonabs3oBanus moaenu Mopa-Kyona:
de1 ;=A(0F/0071 5)= A(x1+sing) (5.2.3)
DTO acCOUMMPOBAHHBIN 3aKOH C TUJIATAHCUEM.
Ecnmu B ypaBHenun Mopa-Kynona 3ameHuts sing Ha Ax, TO TOJYy4YUM HE

ACCOLIMMPOBAHHBIM 3aKOH TEYCHHs] C BO3MOXXHOCTBIO YydYeTa JWUJIaTaHCHUU, TJIe
Ax=siny=(" 1+&")I(e"y - &) — mapamerp aMIaTaHCHH, KOHCTaHTa, OTpakaromias
U3MeHeHne o0béMa Tpu (HOpPMOM3MEHEHUHU (CIABUTE) TPYHTAa B YCIOBUAX IUIOCKOW
nedopmanuu, T.e., €ciud mapameTp (yroj) awiataHcuu B Mojenu Mopa-Kynona
MPUHSITH PAaBHBIM HYJIIO, TO MTOJIy9aeM YUCTHIN CIBHUT TPU MTOCTOSSHHOM 00BbeMeE.

w — yron nunarancuu (Dilatancy Angle).
Mognens JIpykkepa-IIparepa peanu3syer acCOLMUPOBAHHBIN 3aKOH TUIACTHYECKOTO

TEUEHUs C JAWJIATaHCHUEW, T.e. (PYHKUUS IUIACTUYECKOIO MOTEHLHANAa COBIAJAET C
¢yHkuel Tekyuyectu, rae B sTom ciydae mpupanieHue MiacTHYecKux aedopmanuii
OyzleT UMETh BH/]I
&'125=A[A+ (0125~ 0om)I2 35", (5.2.3)
rae &'1,3— TIaBHbBIC UIACTHYCCKHE AehOpMAaIInH;

0123 U J; — MO-TIpEXKHEMY TJIaBHbIE HAIPSKEHUSI U BTOPOM MHBAapUAHT JI€BUATOpA
HaIpsKEHUM;

A=a — mapametrp mwiataicuu mojnenu Jpykkepa-Ilparepa (acconumpoBaHHBIN
3aKOH TeueHus). BapbpupoBaHue mnapameTpa JIWIaTaHCUM JId JAHHOM Mojenu
HEBO3MOXHO.

C HCHOJB30BAHMEM  OINKCAHHBIX  COOTHOLIEHWW  BBIIIOJIHSETCS — YNPYToO-
MJACTUYECKUN  pacuer, KOTOpbIA TpeACTaBiseT CcoOOW UTEPalMOHHYI WM
MHKPEMEHTAIIbHO-UTEPALMOHHYIO TMPOLEAYPY, [[A€ HEINHEHMHOE PpEIICHUE MOXKET
BBIUMCIATHCS pa3iuuHbiMu  myTssmu (n. 2.3) u [4]. B pamkxax Bepudukanuu

paccMaTpuBaeTCs TOJBKO OJMH Hambosee 3G (HEKTUBHBIN U PacIpOCTPAHEHHBI METO/T
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Herotona-Padcona, ommucan B m. 5.3.2. AJropuT™M peuieHus 3ajadyd COCTOUT W3
CJIEIYIOIIUX PacYETOB, BHIIIOIHAEMBIX HA KaKJI0M CTYIIEHN UTEPALUH.

1.0OmpeneneHre HUCXOMHBIX KOMIIOHEHTOB  HamlpsoKeHUM © nedopmanui,
MOJIYYCHHBIX B peE3yJbTaTe «YNPYyroro» pemieHus (B Hayaie pacuéra WM IOcie
N00aBJICHUS CTYNEHM Harpy3kd) WIM TOcCie JCHCTBUM MpenblAylied CTyNeHd
uTepaniu. BbisiBaeHne Ha pacu€THoW obnacth «rmojobnactu (Wi 1oAo0JacTei)
pa3pylIeHUs», TJ€ TMOJYyYEHHOE pACIPEICICHUE HaINpsSHKEHUH HE YAOBIETBOPSET
YCIIOBHSIM IIPOYHOCTH (TekydecTH) o Mopy-Kynony unu pykkepy-Ilparepy.

2.0npeneneHue B KOHEYHBIX 3JI€MEHTaX «IMOA00JIaCcTH pa3pylIeHUs» KOMIIOHEHTOB
HaIpsHKEHUH, YIOBIETBOPSIONINX YCIOBHM 3a/1auM (YpaBHEHUSIM TeKydecTH 1o Mopy-
Kynony nnmu Ipykkepy-Ilparepy). T.e. ocyiiecTBasieTcs: KOppEKLUs yIPyroro peueHus
B «00JacTu paspylIeHUs» TJe C HUCHOJIb30BAHUEM SIBHOTO NPSIMOIO WM HESIBHOTO
oOpaTHO anroputMma Jusepa [1] BBIMOJHSIETCS BO3BpAIllEHUE TOUYEK (B MPOCTPAHCTBE
HalpsOKEHW) Ha TOBEpPXHOCTh Tekydecth Mopa-Kynona winu [lpykkepa-IIparepa.
I'paduueckas nmrocTpanus JaHHOW MpoIeAYphI TOKa3aHa Ha pucyHke 2. B pe3ynbrarte
KOPPEKIMU TOYEK B MPOCTPAHCTBE HANPSIKEHUW BBIUUCISAETCS MHOXKUTENL A,
ocyujecmeisiemcs niacmudeckull wae 6 coomeememeuu ypaeuenusmu (5.2.1), (5.2.2) u

(5.2.3) u svruucasiomes noanvie oegpopmayuu.

Yield surface Yield surface

a) MPSAMOM SIBHBIN aTOPUTM 0) 0OpaTHBIN HESBHBIN alrOPUTM
Pucynox 2. Koppekuust Hanps>KeHU B yIpyromiacCTUYekoM pacuere
3. OmnpeneneHne BEKTOpa «HEBA3KU cuibl» B coorBercTBUM ¢ MKD. Ilposepka

YCJIOBI/Iﬁ TCKYYCCTH U CXOAUMOCTHU UTCpPAILIUU. Ecau YCJIOBUA CXOAUMOCTHU BBITTIOJIHCHEI,

pacueT ImpeKpaiaeTcs, eCJIM HeT, TO B pamkax MeToqa Herorona-Padcona BeimosHseTcs
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MNEPECTPOCHUC MATPHIIbl KECTKOCTHU (HO pe3yiabTaTaM BBbIYHCICHHUA IIJIACTHYCCKOI'O

mara). Bo3spamenue k 1. 1.

5.2 AHaaM3 YCTOWYMBOCTH TPYHTOBOI'O MACCHMBa MeETOJOM CHUKEHUS
NPOYHOCTH

Hansbiit MeToq ocHoBaH Ha MKD 1 mosToMy cunrtaercss npsiMbIM U 00Jiee TOUHBIM
METOIOM OIICHKH YCTOWYMBOCTH [1], 4eM KOCBEHHBIC METOJIbI TIPEACITBHBIX COCTOSHUM,
r7ie U3 BCEBO3MOXKHBIX MOBEPXHOCTEH CKOJBKEHUS (CIBHTra) ompenensercsa Haubosee
OIIacHas U yXe I Hee cuuTaeTcs Kod((ULIUEHT 3anaca yCTOWYMBOCTH.

AHanu3 yCTOMYMBOCTH METOJIOM CHUKEHUSI MPOYHOCTH MOXKET ObITh pealn30BaH
IIOCJIE BBIIIOJIHEHHS YIPYIOro WM yNpyro-macTudaeckoro pacuera KO monenu, nocie
kotoporo wu3BecTHO HJIC B HEKOTOpPOH TOYKE KaXXIAOr0 KOHEYHOIO JJIEMEHTa
rpynToBoro MmaccuBa. HJIC rpyHTOBOro MaccuBa MOXET OBITh MOJYYEHO C
WCIIOJIb30BAHUEM  pa3HBIX MOJEJIEW TPYyHTa, OJHAKO IMOCHEAYIOIIHA  pacyer
ycroitunBoct B MIDAS GTS peanuzoBan Tonbko aist moaenu Mopa-Kymnona.

Otrankusasce ot ucxogHoro HJIC npu nocrostHHoM mMoayne aepopmaunu (E) u
kodpdunmente Ilyaccona (v) mNpou3BOAMTCSA IO IIIarOBO€ CHIDKEHHE BXOJIHBIX
napaMeTpoB MPOYHOCTH (C, @), TMPHUYEM CHIDKEHUE MPOW3BOAUTCS OIHOBPEMEHHO
(MpONOPLMOHANIBHO) AJIsl KaXKI0T0 napameTpa. Toraa Ha KakJoM Il1are aHaJIu3UupyeTcs
CXOIMMOCTB IIpOlLecca yIPyro-IiacTUYecKoro pemenus. Paspylienue Bcero Maccusa
ITPOU30MJIET KOra MPOLECC PEIIECHNs] HAYHET PACXOAUTHCS T.€. pABHOBECHE B CHUCTEME
0ojiee HE CMOXKET AOCTUrarbes. Vcxons M3 NaHHBIX YCIOBUW JOCTUTHYTasl BEITUYMHA
CHW)KEHUSI IPOYHOCTH Ha MOCJIEIHEM are Oyner o3HayaTh, UTO TPYHTOBBIA MAacCUB B
L[EJIOM HAXOJOUTCA B COCTOSIHUM IPEAEIIBHOIO PAaBHOBECHS IPU JAHHBIX CHM)KEHHBIX
MPOYHOCTHBIX XapakTepuctukax. [Ipu stom HJIC monyuyeHHOe Ha 3aKIIOYUTEIILHOM
JTamne Mo CyTH JIMIIEHO (PU3UYECKOTO CMbICTA, OJHAKO IOJIE MEpPEeMEIIeHU U moje
pa3peiBa CKOpOCTe jaedopManuii OTpakaeT HaumboJee BEpPOSTHBIM MEXaHU3M
pa3pylIeHHs MacCuBa.

B pesynbraTe pacueta MUHUMAJIbHBIM KO3(QQPUIMEHT 3amaca yCTOWMYMBOCTU

OTIPEIENISIETCS CIEAYIOIIUM 00pa3oM:
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T
K, == (5.2.4)

IJie T - CONPOTHUBIICHUE MaTepHalia CIIBHTY U BBIYUCIIACTCS TI0 TCOPHH MPOYHOCTH
Mopa-Kynona:
T = ¢ + o, tanif{ip) (5.2.5)
Tf - CIBUIOBOE HANPSHKCHHE Ha IOBEPXHOCTU CKOJBKEHHS, KOTAA HACTYIHIIO
peieIbHOS PABHOBECHE CO CHUKCHHBIMU C H ('
Tr = ¢f + o, tanifipy) (5.2.6)
rie

c
Cf = —— - CHDKCHHOC CLCIIJICHUC,
SRF

QOr = S%F - CHDKEHHBIN YyToJl BHYTPEHHETO TPEHUS;

SRF - xo3hpUIIMEHT CHIKEHUS IPOYHOCTH.

5.3 MeToabl pelieHus
5.3.1 Pemienue cucteMm JIMHEHBIX anreopanyeckux ypasHennii (CJIAY)
Cucrema paspemaronux ypaBHeHu MKD MoxkeT ObITh 3amucaHa B MaTpUYHOM
BUJIE:
Ku=p, (5.3.1)
riae K — Matpuiia >keCTKOCTH, & P — BEKTOP BHEIIHUX HArpy30K.

Heo0xoMMo HaliTH KOMIIOHEHTBI BEKTOPA IEPEMENIEHUA U~ YIOBJIECTBOPSIOIIME

JTAHHOMY YpaBHEHUIO.

VYpasuenue (5.3.1) ucrmoap3yeTcst IpH pelIeHne MPAaKTUYECKH JTIOOBIX pacueTHBIX
3ajayu, BKJIIOYas JIMHEHHBIM aHajgu3, pacueT Ha COOCTBEHHbBIC 3HAYEHUS/TIOTEPIO
YCTOMYMBOCTH, IWHAMUYECKUE W HEJIMHEHMHbIE 3aJaud. MeTonbl peleHus 3TOro
ypaBHEHUsI JeisaTcs Ha mpsimble W uteparuonHsie. B MIDAS GTS wucnonb3yrorcs
CIEAYIOIIME METObI PEIICHUS] CUCTEMBI ypaBHeHn MKD:

[Ipsimbie MeTOMBI:

— Ipodunbueiit MeTon (Tipu MPOGUILHOM XPaHEHUH MATPHI)

— Mynsmugponmanshutii (MCTIONIB3YETCS 10 YMOJTYAHUIO)

HUrepannonHbie METOIBI:
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— Meroa  CONPSKEHHBIX TPAJAUEHTOB  (MCIOJB3YETCS IO  YMOJIYAHHUIO).
[IpenoOycnaBnuBanue: HemonmHoe LU pasznoxkeHue (HMCMONB3YeTCs MO YMOJIYAHUIO),
Skobu

— OO0001IeHHBI METOJT MUHUMAJIBHBIX HEBs30K. [IpenoOyciaBnvBanue: HEMOIHOE
LU paznoskenue (MCHONb3yeTCs IO YMOTYaHUI0), SIkoOu

IIpsimoit MeTon

IIpssmMoli MeTOI COCTOMT M3 JBYX OCHOBHBIX onepaumil. [lepBasg omepanmsa —
Pa3oKEHHE MAaTPULIbI, a BTOpas — MpsMasi Uiy oOpaTHas MOJICTAaHOBKA.

CuMmMeTpHuyHas MaTpHIia skecTkocTH K packiaapiBaeTcst Ha:
Ll'u=p wm LDL'u=p. (5.3.2)
3nech L — HWKHAA TpeyrojbHas MaTpuia, a D — muaronanbHas marpuna. B

o0111eM ciydae, pa3joKeHUe ¢ UCIOIb30BaHUEM MaTpHllbl D HeoOXoauMo JJ1si MaTpHil,

HE SIBISIOIIMXCS TTOJIOKHUTEIBHO ONpeeIeHHbIMU. Pasnoxennas marpuna K (= LL'

i = LDL") mcnomp3yercs as HAXOKIEHWS PELICHHs IMyTeM NpsAMOil M oOpaTHOI

noacranoBku. [logcrasmsst ee B V= L'U mwm V= DL U, moxem 3amuicars:

Lv=p, (5.3.3)
Pemrenne Lv=p (Bekrop V) MOXKET OBITh BBIPAKEHO YEPe3 HILDKHIOKO

TpeyroyibHyro wmatpuiy. [locime mosrydeHuss V.  BO3MOXKHO HAaWTH U, HCHOJB3YS

YpaBHCHHUE V = L'u wim v=DL'u. IIpr ucronb30BaHUM NPSIMBIX METOJIOB Ba)KHO
MPaBWJIBHO HUCIIOJB30BaTh Pa3peKeHHOCTh MaTpullbl. OOBIYHO, IPU PEIIEHUU CUCTEMBI
MKD, matpuna K sBasiercss pazpexxeHHOW. B 3aBUCMMOCTH OT yuyeTa pa3peKeHHOCTH,
U3MEHsAETCsS 00beM MaMsTH, TpeOyeMblil Il XpaHEHUs 3TOM MaTPHUIIbL.

B MIDAS peanmuszoBaHn pemiarenb, XpaHAlMid MaTpullbl B MPOPUIBHOM BHJE, a
TakKe€ MYJbTU(POHTAJIBHBIA  pellaTeNb, HCIHOJB3YIOMUNH  MYyJIbTU(POHTATbHbBIE
MAaTpHLIBIL.

MyneTudpOHTANBHBIN pelIaTenb

MynbTu(gpOHTATBHBIA peliaTelh OCHOBAH HA TAKOM Pa3JIOKEHUH MaTPHIIbI, KOTJa

HECKOJBKO (POHTAJbHBIX MaTpull (MO KOJMYECTBY 3JIEMEHTOB) PpPacCMaTPUBAIOTCS
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OJTHOBPEMEHHO. MaTpuIia KeCTKOCTH JJIsi CETKU TPEACTABICHHON HAa PUCYHKE HWMEET
Bun (5.3.4).
P P, P

Pucynok 3. OObr4Hast ceTka A TpeX Tel

Ki K | (5.3.4)

Ecmu K packnansiBaercs B Bune(R,P;) > P,, ee MoxHO mnpencraButh B BHIE

(5.3.5) 1 (5.3.6).

K11 = L11L11
L21L11 = K21 (5 3 5)
Kzz - L21LT21 = KZz’

Kas =L L£3
L,, L;3 =K, (5.3.6)
Kzz - L23|—T23 = K;

CrnemyeT yd4ecTb, YTO PAa3JI0KEHHE MATPUIBI B MYJIbTH(QPOHTAIHLHOM METOJIC
TpeOyeT TepeHyMepalnuu creneHeit cBoOoasl. Ha pucyHke 4 cxeMaTW4HO MOKa3aH
AJITOPUTM DPA3JIOKECHUS I MPAMOYTOJbHOW CETKU. MeToa NOJOBUHHOTO JEJICHHUS
UCIIOJIB3YETCSl B KadyeCTBE alropuTMa MNepeHyMmepanuu creneHed coOonbl. IIpsmas

IIOACTAaHOBKA BBIIIOJIHACTCSA B TOU XK€ IMOoCJaCA0OBATCIbHOCTH, YTO W PA3JI0XKCHHC

MaTpHIbI, a o6paTHa;1 IIOoACTaHOBKA BBITIOJIHACTCA B O6paTHOM IMOPAIKE.
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1 2 1 4 1 2 1

1 2 1 1 2 1

Pucynok 4. CtanaapTHas 110CIe10BaTEIbHOCTD PA3JIOKEHUS MAaTPULIBI JUIS
MyJIbTU(POHTATILHOTO PeIIaTes
5.3.2 IlosryyeHue HeJTMHEHHOTO pelIeHUs
Ecnu cBoiicTBa maTepuana He JUHEWHBI ((pu3nyeckas HEIMHEHHOCTh), NOIYyYUTh
pelieHre JIUHEHHBIMA METOJIaMH HENb3s — HCHOJB3YIOTCS UTEPALlMOHHBIE METObI,
ITO3BOJISIOIINE MTOJIy4aTh KOPPEKTHBIEC PELICHUS. B HEMMHENHOM aHaIN3€e NEPEMEIICHUS
BBIUUCIISIOTCS KaK cyMMa IMpHUpalieHUi (MHKPEMEHTOB) MEpEMEIICHUM, MTOJIyYEHHBIX 3a

KKy UTEPALHIO.

H-.'..ll- ‘-—___'_,_.—l—l—'_'-
End

E K.l+1
g / M

rml..'

f
e

.-'ll.ll. _ vl':ju.uL
."1';“.I+1

! 1+A
u u

Pucynoxk 5. Urepanmonnsiil npouecc
Ha pucynke 5 Mokasad WTepalMOHHLIN mpouecc: rne ' f.o.u " f — pHemmss
p y p I p 0 . pi| ext ext

Harpy3ka B MOMEHT BpeMeHut ut + At cooTBeTcTBEHHO. B3auMOCBsA3b nepeMenieHuil 1

UX MPHUPAIIEHHI B TPOMEXYTOK BpeMeHH Mexyt ut + At ommceIBaeTCst BBIpaXKEHUEM:
"Yu="u+Au (5.3.7)

rae AU - IOJIHBIE IEPEMEIIEHUS 32 BPpEMEHHOM MHTEpBa At .

27
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WrepanmoHHblii Mpoliecc Mpu mare mo BpeMeHu At uMeeT BU:

A

Au = Z.—Tfu_, or  Au,,=Au, +ou,,, (5.3.8)

i=l
rae AU, — cyMMa MpHpaIieHni IepeMenIeH i 3a | -yI0 HTepamnio
AU, — IpupalieHne nepeMenieHuit 3ai + lurepamnuio.
[Tpupamenue nepemerenus ou, onpezesercs CJIAYc marpuneit

TaHIe€HIUaIbHOU )KecTKocTu K,
~ |
{}u1+l = J+|g1 (5'3'9)
rae §; — HeypaBHOBEIICHHAs CHUJa AT -0 HTepanum.

HeypaBHoBelIeHHas cuiia ¢, ONPEENsIeTCs BEIPAKEHUEM:

gj =J-h.‘l'I f;m -— fi:nLJ' (5.3-10)
I[MonHoe npUpalleHue TeEpeEMENIEHHsT AU Ha BpEMEHHOM HHTepBaje oT t o t+ At
o t+At
ABJACTCA ITOJIHBIM IICPCMCIICHUCM OT BHCIIHCHU CHJIBL " fext , IJA€ finti — BHYTPCHHCC

yCWJIME, 3aBHCsIIee OT Ipolecca NpuiiokeHus Harpysku. [lostomy, nedopmanus
3JIEMEHTA BBIYMCIISIETCA 4Yepe3 MEPEMEIICHUS, HAKOIUUICHHBIE 3a BpeMs t, CXOAMMOCTH
npoiiecca o0bsABIsieTCSI B MOMEHT! + At. WTepamroHHbIN Tipoliecc OOpbIBaeTCS IMpHU
JTOCTUKEHUU 33JJaHHOW TOYHOCTH.

Urepanmonnsie Mmetoasl, foctynasie B MIDAS GTS:

v MeTo MOCTOSHHBIX JKECTKOCTEN

v Merto/ CeKyIuX KeCTKOCTEH

v Memoo Heromona-Paghcona

v MonaudunupoBannbiii Metoq HetoToHa-Padcona

IIo oTHOIIEHHUIO K YBCIIMYCHUIO HAT'PY3KU BO3MOKHO HUCIIOJIB30BAHUC CICAYHOHINX

ONIINH:
v PaBHOBenMKUY 1Iar 110 Harpys3Ke
v [ITar o Harpy3ke, onpeaensieMblii OJIb30BaTEIEM
v ABTOMaTHYECKOE BBIUYMCIICHHE 11ara Mo Harpy3ke
v

Meron nnvHbBI IyTH



MIDAS GTS. Bepuduxkanyonssliii oryeT. Tom 1.061ue cBegeHusa. MaTpunsl Bepupukanuu
Takxke BO3MOXKHO MCIOJIb30BAaHUE Memood YCKopenus cxooumocmu Ipu
Pa3INYIHBIX KPUTCPUAX CXOANMOCTH.

Metoa HeroroHa-Padbcona

Meron HreroTtona-Padcona 3akmroyaeTrcs B HCHOJIB30BAaHMM — TIEPEMEHHOM
TAHTCHIIMAJIBHON JKECTKOCTH Ha KaXJOW HTepalH, Kak MOKa3aHO Ha PUCYHKE O.
CKOpoCTh CXOJMMOCTH METOAA JOCTAaTOYHO BBICOKA, TaK YTO CXOJUMOCTH MOXET

HaOJII0AATHCS 1aXKe MTPU HEOOIBIIOM KOJIMYECTBE UTEpaLUil.

T

le"‘

r—..,-,,,,,,;,,//,

/ An; Ouyq

Aniq

' g
Pucynok 6. Urepannonnsiii nporecc metoga Hetorona-Padcona

Ecmu  paccuuthiBaeMass MOAENb  JIOCTATOYHO  BEJIMKA, TO  BBIYUCIICHUE
TAHTCHIUAIIBHOU ECTKOCTH SIBJISAECTCA JTOCTATOYHO TPYAOEMKOW ornepanue. Ecium
pelIeHus, MOJYYEHHbIE Ha TIEPBOM M MOCHEAHEW UTEpAlUsIX CUIBHO OTIWYAIOTCA, TO
pelIeHre MOKET He COMTUCh. HecMOTpst Ha TO, YTO YKCIIO UTEpaAllUid, HEOOXOAMMOE IS
CXOJUMOCTH HEBEJIMKO, BBIUUCIUTEIBHBIC 3aTPAThl HA OJIHY UTEpAIMIO OOJIbIE, YeM
MIPU METOJIe HAaYaJIbHBIX (IMMOCTOSIHHBIX) MKECTKOCTEH WM MOJIUPUIUPOBAHHOM METOJIE
Hrrotona-Padcona. B metone Hrrotona-Padcona kecTKOCTh SIBISIETCS KacaTelbHOM K
rpaduKy 3aBUCUMOCTH TMEPEMEIICHUI OT Harpy3Ku, OHa MEPECUYUTHIBACTCS HA KAKIIOM
mware pacuera. IIpouecc mepecuera mokazaH Ha PUCYHOK 7. JlaHHBIM METOI HE
MIPUMEHUM ISl PA3YIPOUYHSIOIINXCS MAaTEPUATIOB, BMECTO HETO CIEIYET UCIOJIb30BaTh
MeToJ; nocTostHHBIX kecTkocTeil. B MIDAS GTS kosddunmeHT 3amaca nNpoyHOCTH
BCETJIa BBIYUCIISICTCS IJIs1 YIIPYTOW cTagiuu pabOThI sl 00€CTICUeHUsI BHIYUCITUTEIILHON

CTAa0MIIBHOCTH.
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Force

Kr (U.wj K; (L;m—l )
J"‘lm-l
U, . Displacement
ﬁLIrm = Llrm - Llrm—l

Pucynok 7. Meron Hetotona-Padcona

MeTo YCKOPEHHUS CXOAMMOCTH

Meton yCKOpeHUsI CXOOUMOCTH JOCTYIIEH ISl CIEAYIOLIMX METOJOB PELICHUS:
METOJI TTOCTOSHHBIX KECTKOCTEW, METOJI CEKYIIHX XECTKOCTeW, memoo Hwvromona-
Paghcona n monudunrpoBanusiit metosn Hetotona-Padcona.

OH 1NO3BOJISIET YCKOPSATh CXOAMMOCTh MPU MOMOIIMA ONTUMH3ALUU TEPEMENICHUN
MyTeEM MUHUMU3AIMU TTOJTHON MOTEHIIUATBHOU 3HEepruu. TeopeTuyeckoe 000CHOBAHUE
MeTOo/1a U3JI0)KUM Ha nmpuMepe meroaa Hriorona-Padcona. [Ipupamenne nepemenennit
npencraBuM B Buje (5.3.11):

su=K'g (5.3.11)
rae, K; — Marpuna TaHr€HLHMAIBHON KECTKOCTH, BBIYUCICHHAS Ha IIPEAbLAYIIEN
UTEpaluy;

g - BEKTOp HEYPaBHOBEUICHHBIX CHII;

[lepecunTanHOE NIEPEMEIIEHUE:

u, =u_+nou (5.3.12)
rae, U, - MIEpeCYnTaHHOE IEPEMEILECHUE;

U, - IepeMeLIeHue, IOIYyYEHHOE Ha IPEAbINYIICH UTEPALIUH;
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BGJII/I‘II/IHaJ]}IBJI}ICTC}I (I)HKCHpOBaHHOﬁ, €CJIIM MCTOJ YCKOPCHHA CXOJUMOCTH HC
HCIIOJIB3YCTCA. HpI/I €ro HCIIOJIb30BaHHHU, IIApaMCTP n TIO3BOJIACT PEryanpoBaTh
pasMeEp miara. [lonHas moTeHUMAaIbHAS SHCPIUA ¢ OIIPEACIIACTCA BRIPAXKCHUCM.

¢ (u+ ou) :qu(u]+@5u+lfiur£fiu+---

o 2 o (5313)

:‘ﬂ:[u]"'g[qu5U+%ﬁurKr[uJJu+...

rae auddepeHuan MOTEHIIMATBHON SHEPTUU B TMEPEMEIICHUSX PaBeH BEKTOPY

BHCIIHUX HArpy3okK (. I[JISI HaxXOXXACHUA YCIIOBHUA MHWHUMU3AINH MTOJTHOM

MOTSHITUATBHON SHEPTUH JUTs JII000T0 3HaUYeHus 77, epenuiiem (5.3.13) B Buje:

@ (n+dn)=4¢,(n) {j—¢r)};r+ ce=gh 4+ E—qﬁﬂ(}'.ﬁ?+ e
an

ou on (5314)
=¢,+ I:E[ﬁ]r f?"u](‘?}f+

Jlns obecrieueHus1 yCTOMYMBOCTH PEIICHUS TpeOyeTcs:

,q(;;J:E:(SUTg(;;J: 0 (5.3.15)

on
raeu,u OU — UKCUPOBAaHHBIE BEIUYMHBI, CIEI0BATENIBHO, ( ABIAETCS (PyHKIMEH
n7 . CxansipHasi BeIUYMHA S JIJIs1 HAYAJIbHOTO COCTOSIHUSI ONIPEEIIAETCSA BhIPAXKEHUEM:

s,=s(n=0)=du’g(n=0)=du"g,
I S T (5.3.16)
==g, K, g, ==ou K,ou
B CTaOMOHAPHBIX YCIOBHAX KT - ITOJIOKHNTCIbHAsA BCINMYHHA, SO - OTpHULATCIIbHAA.
CHeI[OBaTeHI)HO, HACA TOYHOI'O MCTOAAa YCKOPCHUA CXOOAUMOCTH COCTOUT B HAXOKIACHUU

MHHUMAJIBHOIO IOJOXHTEILHOTO 3HAYEHUS 77, MUHHMH3MpYyIomeeS(77) 10 HyIs.

OpnHako, NPUMEHSTh TOYHBIM METOJ] YCKOPEHHUSI CXOJAUMOCTH HEA(D(PEKTUBHO, TOITOMY

MPUMEHSIFOT PHOIIMKEHHBIN METOI, 3a/1aBasiCh YCIIOBUEM TOTO, 4TO S(77) MEHBIIE S, .

s(r)

8y

r(n)= <0.8 (5.3.17)

Pacuer OyneT 3akOHYEH, €CJIM JaHHOE YCIOBUE OYyAET YIOBIETBOPEHO.
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5.4 bubanoreka KOHeYHbIX J1eMeHTOB (KJ)

5.4.1 O0bemHBbIe (TPexXMepHbIe) 3JIeMEHThI

OO6beMHbIe (TpeXMEpHBIC) FTEMEHTHI MOTYT UMETh JIMHEWHYIO WM KBAaJIPaTHYHYIO
GyHKITHIO (GOPMBL.

KD ¢ nuneitnoi ¢pyHkimeit Gopmsi:

¢ 8-y3J10BOH IIECTUTPAHHUK

©6-y3JI0BOM MATUTPAHHUK

e4-y3710BOM TETpa’aAp

K3 c xBagpaTtuuHoi pyHKIMEN GOPMBI:

¢20-y3510BO#1 1IECTUTPAHHUK

¢ 15-y3710BO#1 MATUTPAHHUK

¢10-y3510BO# TETpaAd AP

[Ipy MCHONB30BAHUM IIECTUTPAHHBIX 3JIEMEHTOB C JIMHEWHON (QyHKUUENH (HOpMbI
OOBIYHO yJaeTcsi TMOJY4YUTh OOJee TOYHBIE pe3ydbTaThl [UIsl HANpSDKEHUH U
aepopMaluii, 4eM Mpyu UCIOJIb30BAHUN TETPAIPOB WU MATUTPAHHUKOB C JIMHEHHBIMU
¢ynkuusimu popmel. [loaTomy cremyeT cTpouTh 0oJiee MENKYIO CETKY U3 T'eKCa’apoB C
JUHEHHOMN WM KBaJipaTUYHOU (yHKIIMEH (POPMBI B T€X YACTSIX MOJIETH, TJIe TPEOYIOTCS
0oJiee TOYHbIE PE3yJIbTaThI.

TpexMepHbIe MPOCTPAHCTBEHHBIEC 3JIEMEHTHI 33JA0TCA Npu moMoimu 4, 5 uiu 6
iockocTeil. OOBIYHO OHU HMCHOJB3YIOTCS AJIi MOJEIMPOBAHHUS MacchBa IpyHTa WIH
TOJICTBIX TUIACTUH; KPOME TOr'0, BO3MOKHO MCIIOJIb30BATh 3JIEMEHTHI BBICOKOTO MOPSAKA
C MPOMEXYTOYHBIMU Y3JIaMU. TpexMepHbIE BJIEMEHTbl MOXHO HCHOJIb30BATh B
COYETAaHWU CO CTEPKHEBBIMHM, OaJOYHBIMH, IJJACTUHYATHIMU, MOJEIUPYIOIIUMHU
OOBEKTbl B YCIOBHSX IUIOCKOTO HANpPsHDKEHHOTO COCTOSIHUSL, HWHTEP(PEHCHBIMH,
YOPYTUMHU CBSI3€BBIMH M YIPYTUMHU CBS3YIOLIUMHU 3JEMEHTAMH; OHM MOTYT HMETh
dbopmy TeTpa’zpa, KJIuHA, U IMIECTUTPAHHUKA, PU STOM BO3MOXXHO OIPAaHUYUBATH TPU
nepeMeneHus: (CTerneHu cBOOOIBI) MO TpeM HampaBieHusM. llpu wucnonb30BaHUU
LIECTUTPAHHBIX 3JEMEHTOB, BO3MOKHO MOJYYUTh BECbMA TOYHBIE PE3YyJbTaThl KaK IS
nepeMenieHnii, Tak 1 s HanpsbkeHud. HanmpoTuB, KIMHOBHIIHBIE U TETpPadipaibHbIe

QJICMCHTHI IMO3BOJIAIOT IMOJIYIUTDh JOCTATOYHO TOYHBIC PC3YJIbTATHI IJIA HCpCMGH.[GHHfI, a
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pe3ynbTaThl JJIsl HANpsSOKEHUW SIBISAIOTCS HETOYHbIMH. [loaToMy, pekomeHmyeTcs
n30eraTh HWCIOJIB30BAHUS KIMHOBHUIHBIX W TETpPadApaibHBIX JJIEMEHTOB, €CIU
TpeOyeTcss BBICOKAs TOYHOCTh pacueTra. KIMHOBUIHBIC W TETPadapalIbHBIE AJIEMEHTHI
CIelyeT WCIOJIb30BaTh JJIsi COCIMHEHMSI IIECTUTPAHHBIX DSJIEMEHTOB B MeCTax
M3MEHEHUS UX pa3Mepa.

TpexMepHbi€ 3JE€MEHTh HE HMMEIOT JKECTKOCTH WM BpallaTeNbHBIX CTENEHEH
cB00O0BI B 001X y3nax. [Ipu 3amanuu 3TUX cTeneHel cBoOObI B periaresue, Haludue
COCEIHHUX AJIEMEHTOB, HE MMEIONIUX KECTKOCTH Ha KpydeHHe, MpUBEIET K omuoke. B
stom ciydae MIDAS GTS aBroMatudecku OTpaHUUYMBACT BpallaTeIbHBIC CTEIICHH
CBOOO/IBI JIJIS1 TIPEIOTBPAIICHISI TIOSIBJIICHHSI OIITHOOK B COOTBETCTBYIOIIUX Y3JIaX.

B HenuHeltHOM pacueTe CTaJuu BO3BEICHUS COOPYXKEHHUS 3TH CTENEHU CBOOOIbI
He onpenemsitores. [lpu  coenMHEHMH TpPEXMEPHBIX AJIEMEHTOB C  JIPYTUMH,
OTPaHWYMBAIOIIMMHU BpalaTeIbHBIC CTEMEHW CBOOOJBI, TAKUMH KaK OallouHBIE |
IJIACTUHYATBIE AJIEMEHTBI, CJEAYeT BBOJIUTH >KECTKHE BCTaBKU ((yHKUUS 3adaHUsS
TJIABHOTO W TIOJYMHEHHOTO Y3j0B, Hcnoiab3dyemas B MIDAS GTS) wumm xecTkue
OaJIOYHBIC AIIEMEHTBI, YTO TTO3BOJIUT COYETATh 3TH JICMEHTHI B OJTHOW MOJICITH

CooTtHolienue pazMepoB cTopoH KD 3aBUCUT OT HECKOJIBKUX (PAKTOPOB, TAKUX KaK
BUJ DJIEMEHTa, TeoMeTpus, ceueHue u nap. s obecrneyeHns TOYHOCTH Oojiee BaXKHYIO
pOJIb UTPaeT COOTHOIIEHHUE YTiaoB. JIJisi MIECTUTpaHHUKA C COOTHOIIEHHEM CTOPOH JI0
100% TouHbIe pe3yabTaThl MOKHO MOJIYUYUTD MPH yriax, oim3kux k 90 rpamycam.

@opma KO, coemecmumocms, cmeneHu c800600bl

TpexMepHbI€ 2JIEMEHTHI UMEIOT TPH MOCTYTMATENbHbBIE CTENIEHN CBOOOIBI B KAXKIOM
y3J€ ¥ HE UMEIOT BpallaTeIbHBIX CTemeHel cBoboasl. HyMmepalus y3moB moka3aHa Ha

PUCYHOK 8.

ECS z-axis

ECS y-axis

—u ECS x-axrs
2 {(1—2 direction)
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ECS z-axis ECS z-axis

Y o

|
|
::7{ *__LK' 3

L

(a) low order (b) high order
Pucynok 8. Cuctema KoopuHaT sl TPEXMEPHBIX 3JIEMEHTOB

Ceoticmea s1emenmog

JUis TpeXMEpHBIX JIEMEHTOB TpeOyeTcs 3a/laTh TOJIBKO MapaMeTphl MaTepuaa.
Jlist Ganounslx ninm miuactuHyaTeix KO (cMm. ganee) tpebyercs 3aiaBaTh HE TOJBKO
CBOMCTBAa MaTepHajla, HO M TEOMETPUYECKHE XapaKTEPUCTUKH: XapaKTEPUCTUKHU
CeueHus1 OAJIOK U TOJIIUHBI [IJIACTHH.

CBoiicTBa MarepuanoB g DJIEMEHTOB TPyHTAa U KOHCTPYKLIHMH MOTYT OBITh
IIOJIY4YEHBI B PE3YJIbTATE SKCIEPUMEHTOB, N3MEPEHHUI WIIM UMEIOILIEr0Cs OIbITa pacyeTa.
TmarenpHas nmogOOpPKa CBOWCTB MAaTEpUaoB SBISETCS BaKHBIM YCIOBUEM JUIS
MOBBIIIEHHUS] TOYHOCTH PELICHMUS.

IIpy MoOnenupoBaHWM TPYHTA TPEXMEPHBIMH 3JIEMEHTaMU CIEAyeT 3aJaBaTh

CJIeIyIOLIME YIIPYTUE XapaKTEPUCTUKN MaTepHraa:

Monayne ynpyroctu E
Koaddumuent Ilyaccona 1%
[InoTHOCTH 7
[I10THOCTH B BOJOHACHILIEHHOM COCTOSIHUU Y at
HauvanbHoe HampskeHue Ko
Koadduiment remneparypHoro pacumpeHus o

Kpome toro, B8 MIDAS GTS B03MOXXHO y4yecThb BC€ JOCTYNHBIC HEJIWHEHHBIC
nmapaMeTpbl Matepuaina. B obmiem ciyuyae, B3auMOCBSI3b HaNpsDKEHUN W AedopMariuii

HMCECT BUA:

o =Dz (5.4.1)
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rae

r r
G = {"‘Txr {}-_1_1- (T:: T.w.j- T_r: Tll".:Ji.' } &= {E.rx 5_1_1- E*: ;Vn.j- -:V_u: -:V:.r }

Martpunia D xapakTtepusyeT B3aMMOCBSI3b TEH30POB HANpPsDKEHUM U neopMmanuii

IJI1 N30TPOITHOT'O JIMHEHHOTO yYHOpyroro Mmarcpuajia uMeCT BUI!:

1-v v v 0 0 0
WV l—w Vv 0 0 0
V V l—vw 0 0 0

D= E 0 0 0 0 0
(1+v)(1-2v) - (5.4.2)
o 0 0 0

0 0 0 0 0

PucyHok 9. 6 KOMIOHEHT HaNpsHKEHUH 3JIeMEHTa EAMHUYHOTO 00beMa
KO3-popmynuposka
TpexMepHbIe 3JIEMEHTBI PAaCCMaTPHUBAIOTCA B H30MAPAMETPUYECKON MOCTAHOBKE,
TEOpHsI HECOBMECTHBIX MOJI ((hOpM) UCTIONB3YETCS ISl 8-y3JI0BOrO MIECTUTPAHHUKA U 6-
y3JI0BOTO MSATUTPAHHUKA. TpexMepHbIe 3JIEMEHTHl MMEIOT TOJIbKO IOCTYNaTelIbHbIE

nepeMenieHust U, Vi W 1o ocaM X, Y U ZMECTHOW CUCTEMBI KOOPAMHAT.
_ . AT
u, = {uj. v, W (5_4_3)

HHH BCCX TPCXMECPHBIX 3JICMCHTOB BBIYMCIICHNEC MATPHUIbI JKCCTKOCTHU ITPOUCXOANUT

OJWMHAKOBO, 3a UCKIIIOUCHHUEM 3JICMCHTOB, MCITIOJB3YIOINX TCOPHUIO HECOBMECTHBIX MO/,

35
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B »sToMm pas3aeie N - (byHKIII/I}I (bOpMBI, XapakTCpusyrnmas KOJUYECTBO Y3JI0B B
DJIEMCHTEC.
I[JDI 9JICMCHTA KOOPJAWHATBI X, y , U Z,a TaKKe MMCPEMCIICHUA u, v,u WMOXHO

3aI11McaThb B BUJC:

N pid M
x= ZN._T., V= ZN. V., Z= ZN.:.
4 1 . P | 4 1

JI=| JI= JI=|
L

U= Z Nu,, v= ZNJ.V;, W= ZNJ.M;.
i=l / /

HuTerpupoBanue ocyecTsiseTcss merogaoM ['aycca.

(5.4.4)

Tabnuua 5. Yucno Touek HHTErpupOBAHUS 111 TPEXMEPHBIX AJIIEMEHTOB

Bun snemenra: YucTo ToueK MHTETPUPOBAHUS
4-y3110BO# TETpadAp 1
6-y3710BOM KJIMH 6
8-y3710BOM «KUPIIUYUK» 8
10-y350BO# TETpAdIP 4
15-y3510B0O¥# KIUH 9
20-y3J10BOM «KUPTTUIHK) 27

5.4.2 KO miiockoro 1e¢)opMUpPOBAHHOIO COCTOSIHUSA

B midas GTS miockas aedopmaiids MOXKET MOICIUPOBATbCS TPEYTONBbHBIMH U
YETBIPEXYTOJbHBIMU 3JIEMEHTAMU C TPEMSI, YETHIPbMSI, IIECThIO TIW BOCBMBIO y3IaMHU
TOJIKO JUIS TIOCKMX MOJeNe. DIeMEHThI, MOACTUPYIOINE TIOCKYI0 nedopmarmro,
MOTYT TPHUMEHSThCA JUISI pacdyeTa MPOTSHKEHHBIX OOBEKTOB MOCTOSHHOTO CEUYEHUS,
TaKMX Kak AaMObl W TyHHenu. [[is ATOro paccMaTpuBarOT D3JIEMEHT EIUHHYHON
tommuHbl. COCTaBISIONIME HAIMPSKEHUST B HampaBlieHUH TOMMUHBI (Y), MOTYT OBITh

MOJIyYeHBI PH omoriu kodddummenta [lyaccona (cm. puc. 10).
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1. unit thickness)

X

plane strain alemanls

Pucynok 10. TonuHa 351eMeHTa, MOJICIUPYIOLIETO TNIOCKOE 1e(pOpMUPOBAHHOE
COCTOSIHHUE.

DJIEMEHTBI, MOJCIUPYIOIINE TUIOCKOE HAMPSHKEHHOE, COCTOSHHUE MPUMEHSIOTCS
TOJBKO JIJI1 BBIYUCIICHUS HAMPSKEHUU B MX IJIOCKOCTH U MOTYT OBITh MCITOJIb30BaHbI
KaK B CTATUYECKOM (JINHEWHOM U HEJIMHEHHOM), TaK U B TUHAMUYECKOM aHaJIN3e.

@opma KO, coemecmumocms, cmeneHu 8006000l

Pesynbratel pacuera st KD, momenupyromux mmiockoe aehopMUpOBaHHOE
COCTOSIHHME, BKJIIOYAIOT 3HAYCHUS HANpsOKeHUM u edopmanuil B y3iax 3JIEMEHTOB B
robanbHOM cucteme koopauHaT. ClielyeT yduThiBaTh, YTO MPU HCHOJIB30BAHUU
AJIEMEHTOB BBICOKOTO M HU3KOTO MOPSAKOB PE3yIbTaThl OYIyT MOX0XKHU U3-3a TOTO, YTO
XapaKTEPUCTUKHU JIEMEHTOB OCHOBAHMS CBSI3aHbI C TJI00ATLHON CUCTEMOM KOOPUHAT.

Hanpasnenuss oceii MECTHOM CHUCTEMBl KOOPAMHAT I YETBIPEXYTOJIBHOTO M
TPEYTOJIbHOTO JJIEMEHTOB TMOKa3aHbl Ha puc. 11, ocek X MeCTHOW OCH KOOpIWHAT
HalpaBJIeHa MApAJUIENbHO JIMHUM, coeauHsoomen y3mel 1 umw 2. B coywae

YCTBIPCXYT'OJIBbHOI'O 2JICMCHTA, OCh X - IUHUSA MMCPCCCUCHUA YyacTen dJIEMEHTa C y3JI1aMH

1-4 u 2-3.
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ECS y-axis

ECS x-axis

{12 direction)
2

—_ . BGS x-axis
(1—2 direction)

(@) YeThIpexyrojbHbIN 3JCMEHT (b) TpeyronbHbIi IEMEHT

Pucynok 11. Kondurypanus 3;1eMEeHTOB, MOACIUPYIONMIUX IIOCKYIO AepopmMaliuio,

JIOKAJIbHASI CUCTEMA KOOPAMHAT U Y3JIOBBIE BHYTPEHHHE YCHJIUS

Bocnonnenne Ha KD BpIMONHSETCS MO JWMHEWHOW WIM KBaJApPAaTHYHOU
MHTEPIOISALUNNA. 3-y3JI0BOM TPEYTOJbHBIA U 4-y3]I0BOM YETBIPEXYTOJIbHBIA 3JIEMEHTHI
HCTIONB3YIOT JIMHEMHYI0 MHTEPHOJISIUIO. 6-y3J0BOIl UYETHIPEXYTOJIbHBIN U §-y3J10BOM
YEeTBIPEXYTOJbHBIN DJIEMEHTHl UCIOJIB3YIOT KBAaJPATUYHYIO HHTEpHoisaiuio. OObYHO
IIPX  MCIOJIB30BAHUM 4-y3JIOBOIO YETBIPEXYTOJIBHOTO D3JIEMEHTA YHAETCS IOIY4YUTh
JOCTaTOYHO TOYHBIE PE3YJIbTATHl KAK ISl IEPEMELICHNUH, TaK U ISl HAIIPSKEHUE, B TO
BpeMsl, KaK IPH MCIIOJIb30BaHUMU 3-y3JIOBOIO TPEYTOJIBHOTO 3JIEMEHTA YACTO MOJIy4aroT
HETOYHBIE PE3YJIbTaThl JJIs HANpsDKEHUM (pe3ydbTarhl i Aedopmanuii B JTaHHOM
cillydae yAOBJIETBOpUTENbHBI). [lo3TOMYy, UCHOIB30BaTh 3-y3J0BOW TPEYrOJbHBIN
AJIEMEHT B 30HAX, I'Jle HEOOXO0JUMa BBICOKAsi TOYHOCTh pacuera, He cieayer. B Ttakom
Cilydae TOBOPSAT O TPEYTOJIbHOM JJIEMEHTE C MOCTOSHHOM nedopmarueit. B anemenTax,
MOJCIIUPYIOMINX TUIOCKOE 1ePOPMUPOBAHHOE COCTOSIHHUE, HE MPOUCXOAUT edopmanuit

U3 INIOCKOCTH, OAHAKO, OHU MMO3BOJIAIOT BBIYHUCIIATD HAIIPSIKEHUA O, .

Cne;lyeT YUYUTLIBATb, YTO HYMCEpalusd Y3JI0B OCYHICCTBIIACTCA IMPOTHB 4acoBOH

CTPCIKHM KaK I 3JICMCHTOB HHM3KOI'O IIOpAAKa, TaK M AJI1 3JICMCHTOB BBICOKOI'O

38
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nopsaka. st a3JeMEeHTOB BBICOKOTO TOPSKA, CHA4YaJIa IIPUCBAUBAIOTCSI HOMEpPaA y3JaM,
COOTBETCTBYIOIIUM 3JIEMEHTY Oo0Jieeé HU3KOrO IOpsKa, Hymepauus IpOoJoJDKAeTCs
y3J70M, HaXOJSIIIMMCA MEXIy JBYMs TEPBBIMU Yy3J1aMH 3JeMeHTa Oojiee HU3KOTO
nopsJIKa.

DJNeMEeHThl, MOJENUPYIOIINE IUIOCKOE Je(OPMHPOBAHHOE COCTOSHUE, MOTYT
IPUMEHATHCA TOJBKO B IUNIOCKUX 33/1a4ax, ¢ pabouel miockocTbio X-Y.

Ceoticmea s1emenmog

B JMHEHHBIX YNpyrux MOJENAX, OJEMEHTHI, MOJCIUPYIOUIUE ILIOCKOE

HAIIPSPKCHHOC COCTOAHUC I'PYHTA ITOAACPKUBAIOT CICAYIOIIUC ITapaMCTPhl MaTCpHalia:

Mopyne ynpyroctu E
Koaddumuent Ilyaccona 1%
[TnotHOCTH 7
[110THOCTH B BOJOHACHIIIEHHOM COCTOSTHUU ¥ sat
HauanpHOe HanpskeHue K,
KosdduuuenT remnepaTypHOro pacimpeHus o

Kpome Toro, B midas GTS mis IByMEPHBIX 3JEMEHTOB IPYHTa, MOICIHUPYIOIIMX
IJI0CKOe  Je(OpMHUpPOBAHHOE  COCTOSIHME, TMOJJCPKUBAIOTCS  BCE  JOCTYIIHbBIC
HEJIMHEMHBIE CBOKWCTBA MAaTEPHUAIOB.

JUJ1st ©30TPOMHOTO JIMHEWHOTO YIPYroro Marepuasia B MaTpU4HON (opme:

g, L ' 0 £,
. oo 1- v 0 _
Tl _ E E
o (1+v)(1=2v) : : = {}1. g_=0 (545)
‘. o 0 0o =X\

CrnenyeT yuyuThIBaTh JOMYIIEHUE O TOM, YTO 2-MEPHbIE JIIEMEHThI KOHCTPYKIUNA B
m0ckocTd X-Y UMEIT €INHUYHYIO TOJIIUHY.

KO3-popmynuposka

KD paccmarpuBaroTcss B HM30MapaMeTPUUECKOM IMOCTAHOBKE, 51 4-y3JI0BOTO
YETHIPEXYTOJBHOTO AJIEMEHTa UCIOJIB3YeTCS TEOpHsl HECOBMECTHBIX MOJ. I[locTaHoBKa
aHaJIOTMYHA MMOCTAHOBKE JIJIS TPEXMEPHBIX 3JIEMEHTOB.

VYpaBHeHue miockoi aedopmariu:
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:LB"'DBdAu = beN’dA + pIL N'dL+p, (5.4.6)
rae L - nnmHa rpaHuLBI JIEMEHTA;
t- 1.0 (equHUYHAS TOJIIUHA);
B - matpuiia, cBs3biBaromas 1eopMaIui 1 nepeMerieHus;
p - y370Bas cuia.

HHTCFpPIpOBaHI/Ie MaTpHULbI )KCCTKOCTU IIPOU3BOJUTCA 110 MCTOAY Faycca.

Tabmuna 6. Yucno Touek uaterpupoBanus st KO miockoro aeopMupoBaHHOTO

COCTOSIHUE
Bun snementa Yucno ToueKk UHTErpUPOBaHUS
3-y3J10BO# TPEYTOIbHBIHI 1
4-y3710BOM YETHIPEXYTOJIbHBIN 4
6-y3710BOIi TPEYTOJIbHBIN 3
8-y3710BO# YETHIPEXyTOIbHBIN 9

5.4.3 JIBymepHblie ocecumMeTpudHbie KO

JIByMEpHBIE OCECHMMETPUYHBIE 3JIEMEHTHl HCIOJIB3YIOTCA IS MOAECITUPOBAHUS
KOHCTPYKIIUH, 00JaJarolIiX OCEBOM CHMMETpPHEH reoMeTpuu, CBOMCTB Marepualia U
Harpy3kud. B kadecTBe mpumepa TakuxX KOHCTPYKUMH MOXKHO TNPUBECTH TIIyOOKYIO
CKB&)XHMHY, KPYroBoil ()yHAAMEHT W KPYroBOW TyHHENb. JTH 3JIEMEHTHI 3a/1al0TCS B
M30I1apaMETPUYECKON ITOCTAHOBKE.

OcecuMMETPUYHBIE DJIEMEHTHI HENIb35 UCIOJIB30BATh C AJIEMEHTAMU JPYTUX BUOB.
OHM TPUMEHUMBI TOJBKO B JIMHEWHOM W HEJIMHEWHOM CTAaTUYECKOM pacyeTe H3-3a
[apaMeTPOB, MOAJIEP>KUBAEMBIX 3JIEMEHTAMU.

JIByMEpHBIE OCECUMMETPUYHBIE 3JIEMEHTBI IOJIYYalOT W3 TPEXMEPHBIX IyTEM
yuera oceBoil cuMMmeTpuH. Ochb Y T17100agbHONW CHCTEMBI KOOPAMHAT SIBJISETCS OCHIO
BpalleHUEsl B CIIy4a€ pPacCMOTPEHHUS IUIOCKOCTH €. DJIEMEHThl JIOJDKHBI JIEXKaTb B
riobanbHOM TIockocTh X-Y, chpaBa oT riobOanbHOM ocu Y. B astom ciyuae
paauasbHOE HaIpaBJICHHE COBMAAaeT ¢ riodanbHOMl ocbto X. Takum obOpazom Bce

9JIEMEHTBI HMEIOT TIOJI0KHUTEIbHBIC KOOpAHHATHI 1o ocu X (X >0).
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[IupuHa 37€MEHTOB 3a/1aeTCsl 0 YMOTYaHUIO paBHOM enuHulibl (1.0 paguan), kak
3TO TMOKa3aHO Ha pUCYHOK 12. Tak kak MmocTaHOBKa 3J€MEHTa OCHOBaHA Ha CBOWCTBAxX
CUMMETPHUH, NPUHUMAETCS JOIMYIIEHUE O PABHOCTU HYJIIO OKPYXHBIX MEPEMEIICHUN,
nedopmanuit casura ¥, (¥s,), 7y, ¥ CABUIOBBIX HanpsbkeHuilll 7., (7x,), 7y, -

Kak n nns KD mnockoro neopMUpPOBAHHOTO COCTOSIHUS, MPEANOYTUTEIbHEE
HCIIOJIB30BaTh YETHIPEXYTOJIbHBIE 3JIEMEHTBI, YEM TPEYTOJIbHBIE, C OTHOILIEHHEM CTOPOH

OJIM3KUM K €IUHUIIE.

Y (axis of rotation)

1.0 radiam {unit width)

an axisymmetric
element

" wmosz

X (radial direction)

Pucynok 12. EnuHuvHas uprHa 0CECUMMETPUYHOTO dJIEMEHTA
Dopma K3, coemecmumocmnb, cmenenu c60600vbl
JIJ1st 0ceCHMMETPUYHBIX AJIEMEHTOB r00anbHasi CUCTEMA KOOPJIMHAT TPUHUMAETCS
IPSAAMOYTOJIbHOW. Hymepanus 371eMEHTOB M Y3JI0B OCYILECTBIAETCS IIO IpaBUIIaM,
IIOKa3aHHbIM Ha pUCYHOK 13. JIoKasbHAs cucTeMa KOOpPAMHAT CTPOUTCS TOJBKO B

BBIOPAHHOM TJIOCKOCTH ISl IEPEMEILIEHU I 110 2 HaIllPaBJICHUSIM.
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ECS y-axis

'3 ECS y-anis

= ECS x-axis

o~ ECS x-axis
(12 direction)

(a)
YeTbIpexyroabHbIe AIIEMEHT (b) TpeyrompHbIi 3IEMEHT
Pucynok 13. @opma, Hymepaius y3JoB, JIOKalIbHask CHCTeMa KOOPIUHAT ISt

ocecuMMeTpuuHbIX KO

Ceolicmea 371emenmos
OcecuMMETpUYHBIE SJIEMEHThl TPYHTAa TMOAJACPKUBAIOT JIMHEWHBIC YIPyrue

cBorcTBa Marepuana. OHH XapaKTepU3yIOTCs CIEAYIOIMMMU ITapaMeTPAMMU:

Monayne ynpyroctu E

Koadpdumument Ilyaccona 1%

[ImoTHOCTB i

[1710THOCTP B BOJTOHACBHIIIIEHHOM COCTOSIHUU ¥t

HauansHoe HanpsixeHne K,

Koadduiment remneparypHoro pacumpeHus o

OcecumMmerpuunblii KD — 1IByMepHbBIA 3JIEMEHT, MO3BOJSET MNPHUMEHATH BCE

HEJIMHENHbIe MOJeH rpyHTOB, AocTynHbie B MIDAS GTS.

OOBIYHO 3JEMEHT HCMOJb3YEeTCS IJisi MOJIETUPOBAHMS  OCECHUMMETPUYHBIX
KpyroBelx Ten. BcenenctBue nBymepHOM paboTel 3neMeHTta, naedopmanus B
HaIpaBJCHUU BpalleHUs, CABUTOBbIC JedOopMalMu W HaNPSHKEHUS TMPUHUMAIOTCS

paBHbIMU HYJ0. CHCTEMa YpaBHEHHM B MATPUYHOM (opMe UMEET BU/I:
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o 11 ! ! 0 .
HHR E . v 0 E_M
wi__ & ) o vy
T (1+w)1-2v) ' ' 1-1 ﬂj £, =0 (547)
Ty 0 0 0 1 —j_r Yoy

OcecuMMeTpUYHBIE AJIEMEHTHI 3a7atoTcsd B MIOCKOCcTH X-Y, MpU 3TOM HMEIOT
mMpuHy, paBHyto 1.0 paauaH.

KO3-¢hopmynuposra

OcecuMMETpUYHBIE SJIEMEHTHI 33Jal0TCSI B H30MApaMETPUYECKON MOCTAHOBKE.
«TommmHON» ABISIETCS OKPYKHASI JUTHHA deMeHTa Juisi 1 paguana. [loatoMy, snemeHT
OTIMCHIBACTCS] YPAaBHCHHUEM

LBTDBRdAu = #JLHTR;M + pLHTRn"L +p, (5.4.8)
rae R - paamyc.

WNHTerpupoBaHre MaTpUIbl )KECTKOCTU TPOU3BOAMUTCS 10 MeToay ['aycca.

Tabnuua 7 Yucino Touek HHTETPUPOBAHUS I OCECUMMETPUYHBIX 2JIEMEHTOB

Bun snementa Hucio Touek MHTErPpUPOBAHUS

3-y3JI0BOH TPEYTOJIbHBIHI 1

4-y3710BOM YETHIPEXYTOJIbHBIH

4
6-y3710BOI TPEYTOJIBHBIN 3
9

8-y3710BO# YeThIPEXyTOIbHBIN

Oyukius  opmer B (5.4.8) Takas ke kak u B (5.4.6) mns 3IeMEHTOB,
MOJEIUPYIOMMX MIockoe HanpsbkeHHoe coctosgHue. B MIDAS GTS ¢yuknus dopmbl
OCECHMMETPHUYHBIX DJIEMEHTOB JHMOO JMHEHHas, JU00 KBagpaThyHas. 3-y3JI0BOM
TPEYTrOJbHBIA 4-y3]I0BOMl YETHIPEXYTOJbHBIM 3JIEMEHTHl UMEIOT JMHEHHYIO (DYHKIIHIO
(GhopMBbI, 6-y3JI0BOM TPEYroJbHBIN U 8-y3JI0BOM UYETHIPEXYTOJBHBIN 3JIEMEHTHl HUMEIOT
KBaJIpaTUUHYIO QYHKIUIO (POPMBI.

OC€CI/IMMeTpI/I‘IHBII\/’I OJIEMCHT OITMCBIBACTCA BBIPAKCHUCM:
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Enp o fix

Evy vy

£= = 549
= | éw uflR ( )
Py Oufdy + dvfix
Martpuria, cBsi3pIBaromias aeopmaryu U IepeMenicHus:
[ AN aN |
2L B
dx dx
aN &N,
0 = .. g9 =
-ﬁ-'_'l' -ﬁ-'_'l'
B=| , (5.4.10)
N N
-4 0 . & 0
P
cN, &N, d .l'luu N np
| ) ax ) ox |
5.4.4 banounsie KJ
bajgounpie KD — nuHe#HbIC 2-X Y3JI0BBIC 3JIEMEHTBI, MOTYT paboTaTh Ha

pacTsbKeHHe, cokaTue, M3rud, CABUT U KpydeHue. Eciu uzruba, ciBura Wi KpydeHus He
MIPOUCXOJIUT, MOKHO HCIIOJ30BaTh OOBIKHOBEHHBIN JIMHEHHBIN 3JIeMeHT. banouHbiMu
AJIEMEHTAaMU MOXHO MOJIENIMPOBaTh Tejla, UMEIOIKE OOJbIIYI0 MPOTSKEHHOCTh T10
CpPaBHEHHUIO C pa3MepaMu ceueHus. Eciu oTHOIIeHHE pa3Mepa CeueHUsl K TIIMHe O0JIbIiie
1/5, pexkoMmeHmyeTcss WCIOJb30BaTh ILJIACTUHYATHIE WM TPEXMEPHbIE OOBEMHBIC
AJIEMEHTBI, TIOTOMY YTO CABHUTOBBIE JepopManuu B 0ATOYHOM DJIEMEHTE BBHIYUCIISIOTCS
BEChMa TOYHO. bajloyHbI€ 3JEMEHTHl MOTYT MCIIOJb30BAThC KaK B CTaTUYECKOM
(IUHEWHOM M HEeNTMHEWHOM), TaK U B IMHAMUYECKOM aHAJIN3€, OHU YYUTHIBAIOT OCEBHIC
nedopmanuu, U3rud, KpydeHue u caBur. KpyTuibHas KeCTKOCTh 0aJOYHOTO AJIEMEHTa
3aBUCUT OT TMOJSIPHOTO MOMEHTAa MHEPIMHU CEUEeHHS (OHU paBHBI JIsl KPYTOBBIX W
KOJIBIEBbIX ceueHuit). Crenyer 0co00 BHUMATEIBHO aHAJIM3UPOBATH PE3YJIbTaThl MPHU
HaJIMYuK OOJIbIINX JedopMalvii KpyuyeHHs, TaKk Kak KPYTWIbHAs KECTKOCTh OOBIYHO
ONpeNesieTCsl JIKCIePUMEHTAIbLHBIMU MeTogaMu. [Ipu coeaMHEHUH BJIEMEHTOB C
Pa3JIMYHBIM KOJMYECTBOM CTENEHelW CBOOOJBI MCMOJIb3YIOT JKECTKUE BCTABKH U3
OayIouHBIX 31eMeHTOB. JKecTkocTh BCTaBKM 00bIYHO 3ajatoT B 105-108 pa3 Goiblie

KCCTKOCTH COCINHACMBIX JJICMCHTOB.
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Dopma K3, Coemecmumocmob, cmeneHu c600600bl

bamounplii 3IeMEHT WUMeeT TPHU MOCTYIATEIbHBIX W TPU BpallaTelIbHBIX CTEMECHU
cBOOOABI B KaXJOM Yy3J€, HE 3aBHUCHMO OT TOT0O, B KakOil CHUCTeME KOOpAHHAT
paccMaTpuBaeTcss diaeMeHT. s 2-y3710BOro 0ajoyHOro 3JIEMEHTa, MECTHas OCh X
HalpaBjieHa M0 JIMHUMU, COEIUHsIomend 1-piii U 2-oif y31bl; och Z mapajuielibHa
HaIpaBJICHUIO TJIOOATbHONW ocu Z; HampaBiieHHEe OCH Y ONpeNeNsieTcss MO MpaBHIly
nmpaBor pyku. Eciam oce X MECTHOM CHUCTEMBI KOOPJIHMHAT HAIIPABIICHA NApajlIeIbHO
ro0anbHOM ocu Z, och Y HalpaBlieHa MapajjiesibHO riaadaibHol ocH Y, a HallpaBJICHHUE
ocu Z ompeaensercss Mo MpaBwily npaBodl pyku. [Ipu HeaMHEHHOM CTaTHYECKOM
aHanm3e, a Takke aHanmuse craauu Bo3BeAeHus, B MIDAS GTS mpumenstorcs 2-
y3J10BbI€ U 3-y370BbIe Oanounbie 3emMenThl komiuiekca DIANA, cm. puc. 14. Bo Bcex
ciIyJasix, KpoMme JAByX BblenepeuncieHHbix, B MIDAS GTS ucnonb3yroTcs 2-y3/10Bbie
Oamounsie dmeMeHTH. Monens MaTpuana Mwuseca MOXKeT OBITH HCIOJIB30BaHa MpU
aHaJM3e CTaJNM BO3BEJCHUS U HEJIMHEHMHOM pacdere. B ocTanbHBIX Cilydasx CBOWCTBa

MaTepUaIa CYUTAIOTCS JUHEUHBIMHA U YIIPYTUMU.

N
N

X X

j-end j-end
z
element mid - node
¥ i-end i-end
X GCs

determination of
local y-direction

determination of
local z-direction

Pucynoxk 14. MecTHble ocu 6anoqyHOro 3JI€MEHTa
Ceoticmea s1emenmos
Bbanounbie seMeHThl MOAIEPKUBAIOT CIEAYIONTNE JIMHEHHBIE YIPYTUe mapameTphbl

Marepuana:
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Monyne ynpyrocTtu E
Koaddunument Ilyaccona 1%
[InotHOCTB 7
Koadduiment remnepatypHOro pacumpeHus o

[Ipy HENWHEWHOM CTaTUYECKOM pacyeTe H aHalnu3e CTaJud BO3BEIACHUS,
BO3MOXHO 3aJ]aTh HEJIMHEHHBIE CBOICTBA MaTepHuaia, MOIJACPKUBAEMbl OaTOYHBIMU
anementamu DIANA. B ocrampabix cinyudasx B MIDAS GTS paGora 0anouyHbIx
AJIEMEHTOB cuMTaeTcs JmHeHoM u ympyroi. MIDAS GTS umMmeeT BCTpOSHHYIO
OMOMMOTEKY TMOMEPEUHbIX CEYEHUM, MapaMeTpbl KOTOPBIX MOTYT OBITh 3aJlaHbl
mosib30oBaTenieM. [lnomans cedeHus CcUMTaeTcs TOCTOSHHOW IO JJIMHE O0ajodHOTO
anementa. B MIDAS GTS Bo3M0HO 3a71aBaTh CJICAYIOIINE XapaKTEPUCTUKU CEUCHUS:
IImomane ceueHns A

[locrosiHHAs KpydeHUs I

MOMEHT HHEPIIMY OTHOCUTEIBLHO MECTHOM OCH Y I

MomMmeHT HHCPIHUHU OTHOCUTCIIBHO MECTHOM OCH Z I

[Tnomans cpe3a OTHOCUTEITHLHO MECTHOM OCH Y A

[momanb cpe3a OTHOCUTENBHO MECTHOW OCH Z A,

DKCIEHTPUCHUTET MOXET OBITh 3aJlaH B BUje cBoicTBa ceueHus. B MIDAS GTS
BO3MOKHO 3a/J1aBaTh TOJBKO SKCIICHTPUCHTET IS CEYCHHUSA. ODKCICHTPUCUTET IS
ceuenus B MIDAS GTS — omnnus, mo3BoJisionias 3ajaBaTh OCh JKCIIEHTPUCHUTETA B

KaKO# JIN0O TOUKE CEYEHUS, BO3MOKHBI CIIEAYIOIINE BAPUAHTHI:

CrneBa Cepxy 1o HEHTPY Ceepxy crpaBa
CrneBa B uentpe B nenrtpe cnpasa
Cnesa Buusy no uentpy Buusy cnpaBa

KO3-gopmynuposru

[ToctanoBka Gamounbix snemeHToB B MIDAS GTS MoXeT ocCyIecTBIsSThCSA MO
nByM TeopusiMm. Jlns  Gamounsix anemeHToB  DIANA, npumenstommxcs s
HEJIMHEHHOTO CTAaTUYECKOTO pacueTa W aHalv3a CTaJud BO3BEJEHUS, HCIOIb3YETCS

runore3a bepHymum (caBuroBble AedopMalMM CEYEHUsT HE Yy4UThIBatroTcs). Jlms
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octanbHbIX 3amad B MIDAS GTS wucnons3yercs Teopusi THUMOIIEHKO, TakK 4TO
AJIEMEHTHI CIIOCOOHBI COMPOTHUBIATHCA CXKATHIO, PACTSHKCHUIO, CABUTY, H3THOY H
KpyueHuto. B 3ToM paszzmene mnpuBeneHa MOCTaHOBKA [JIsi OallOYHOTO 3IJIEMEHTA,
UCTIONB3yeMOro Ui JABYMEPHOW 3a7aud B IIOCKOCTH X-Z. [ledopmarust GamogHOTrO
AJIEMEHTA OTIPEAEISAETCS BRIPAKCHUEM:
u=zf (x) and w=w(x) (5.4.11)
rae U - mepeMeIeHue 1Mo OCH X;

Z - KOOpJIWHATA II0 OCH Z;
B, - yronk ocuy;

W - IEpEMCIICHUE T10 OCH Z.

ou
£ =g =—=z

i}

HC(bOpMaI_[I/IH N KpUBHU3HA OIMHCBIBAIOTCA BBIPAKCHHUAMMU:!
IK

B,
L (5.4.12)
_ W

Ve=V.=—"tPh,

T dy

I7e &, - OCEBOE MepeMelleHHe OT U3ruoa;
¥ - Aeopmarus cBUTa;

K, - KpMBU3HA OTHOCHTENILHO OCH Y.

MoMeHT, KpuBHU3HA, CABUIOBOE YCWIME M CABUroBas JedopManus CBS3aHBbI
BBIPAKCHUSMHU:
af
M =Dk =El—~
- : Ox (5.4.13)
!.;I' = D\}_’E = (;‘;1,.\}71:
rae D, - n3rubHas xKecTKOCTb;

D, - ciBUroBas ;Ke€CTKOCTb;

E - moxyne ynpyroctu
| - reomeTprudecKrii MOMEHT HHEPIINH;
G - MOmynb CIOBHUTA;

A, - Iomazns.
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5.4.5 IlnacTun4yarbie (000J109ednbie) KJ

[Inockue M MMEIIME KPUBU3HY MPOCTPAHCTBEHHBIC IUIACTUHYATHIC 3JIEMEHTHI
MOTYT UMETh 3, 4, 6 un 8 y350B. Takue 31e€MEHThI UCMIONB3YIOTCS JJI1 MOJIECIUPOBAHUS
MeMOpaHHBIX JAeopMalnid, OMEPEYHOro CABUTa W U3rnda TaKuX KOHCTPYKIUN, Kak
TOpPKpeT O€TOHHas OTJeNKa, MOANOpHbIE CTEHKH, (yHIaMEHTHBIC  IUIUTHI.
PexomeHnmyeTcsi MCIONB30BaTh YETHIPEXYroJibHbIE 3jeMeHThl. [Ipu MopenupoBaHuuU
IUTACTUH, MMEIOMIMX KPUBU3HY, YTOJI MEXKAY COCEIHUMH DJIEMEHTaMH HE JOJDKEH
npesbimath 10°. KpoMe Toro, 3Tu yriel He AOJKHBI MPEBbIIATE 2~3° HA y4acTKax, rae
HEOOXOUMO TONYYUTh Oojiee TOYHOE pelieHue (CM. puUCyHOK 15). Pexomenmyercs
MCIIOJIb30BAaTh MPSMOYTOJIBHBIC SJIEMEHTHI Ha Y4acTKax, I/Ie BO3MOXXHO BOSHHKHOBEHHE
OOJBIIINX HAMPSHKEHUN U, TIPU ITOM, TPEOyEeTCs MOJIYYUTh O0Jee TOUYHBIE Pe3yIbTaThI.
Jlns  HemuHeWHOro pacyeta W aHanu3a cTaauu Bo3BeneHus B MIDAS GTS

HCIIONB3YIOTCS TacTuHyathie deMeHThl DIANA.

Angle between two adjacent elements

Plate
element

Pucynok 15. [Ipumep UCOab30BaHUS MIIACTUHYATHIX HJIEMEHTOB JIJIS
MOJIETTUPOBAHUS OOAEIKH KPYTJIOr0o TOHHETSA

Dopma K3, coemecmumocmnb, cmenenu c60600bi

[InacTuHYaThle 3JE€MEHTHl HMEIOT TMOCTYINATEIbHbIE CTENEHU CBOOOABI IO
HanpaBJICHUSAM X, Y, Z MECTHOM CHUCTEMBl KOOPAWMHAT M BpAILATEIbHBIE CTEICHU
cBO0OO/IbI OTHOCUTEIFHO MECTHBIX Ocel X U y. MecTHasi cuctemMa KOOpJAWHAT SIBISIETCA
[IpaBOM MPAMOYTOJbHONW. HanpaBieHnss MECTHBIX OCEH 3aJat0TCS IO TEM K€ IIPaBUIIaM,
YTO U JUIA DJIEMEHTOB, MOJAEIUPYIOIIMX IIJIOCKOE HANPSKEHHOE cocTosiHue. Hymepanus
Y3JI0B OCYLIECTBIIAETCS IPOTUB YACOBOW CTPENIKH, HyMEpalus BHYTPEHHHMX Y3JIOB
TAK)X€ OCYLIECTBIISCTCS NMPOTUB YACOBOW CTPEJIKHU, ITOCIE HyMEpALMU KPAMHUX Y3JI0B

(puc. 16).
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ECS x-axis

{a) Quadrilateral

ECS z-axis

ECS z-axis

Pucynox 16. [InacTuH4aThIi 2I€MEHT: KOHGUTYpaIusi, HyMepalus y3JI0B U

ECES z-ass

Element

ECS y-axis

__. ECS x-axis
(1— 2 direction)

2

_ECS y-axis

_ECS x-axis
(1— 2 diraclion)

2

JIOKaJIbHasg CUCTCMaAa KOOpAWHAT

Cesoticmea sn1emenma

[lmacTuHYaTbie 3JIEMEHTHI MONJIEPKUBAKOT CIEAYIOLIME JIMHEWHBIE YIPYTHE

IapaMeTpbl MaTepuana:
Mopynes ynpyroctu
Koaddumment Ilyaccona
ITimoTHOCTH

Koaddumment TemneparypHoro pacuapeHus

R =~ m

49
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Monens Matepuana Mwuszeca, Kak U JMHEWHO-yIpyras MOJAEIb, MOXET
MCIIOJIb30BAThCA JJIS MJIACTUHYATHIX 3J€MEHTOB. TONIIMHA — OAWH U3 T€OMETPUYECKHUX
napaMeTpoB, MOAJIEPKUBAEMBbIX IIacTMHYaThIMU dnemeHTaMmu B MIDAS GTS,
CUMUTAETCS, UTO FIEMEHT UMEET MOCTOSHHYIO TOJIINHY.

KO3-gopmynuposra

[InacTuHYaTBIE 3JEMEHTHl HUMEIOT IOCTyHaTeNIbHbIE CTENEHU CBOOOIBI IO
HAIpaBIICHUSIM X, Y, Z MECTHOH CHCTEMBl KOOPJIMHAT W BpallaTeJbHbIC CTEICHH
cBOOO/IBI OTHOCHUTEIBHO MECTHBIX Oceil X u y. PaboTa miacTuHuYaTOTO 3JEMEHTa B
IUIOCKOCTH U U3 IUIOCKOCTHU HPOUCXOAMUT PA3AEIBHO, OITOMY 3JIEMEHTOB, MUMEIOLINX
KPUBHU3HY, IPUMEHSETCS] «METO]I HEMPEPHIBHOM TIIACTHHBDY.

JUIs1 TUCKPETHOIO KOHEYHOT'O 3JIEMEHTA UCIIOJIb3YIOTCS CIIEAYIOIINE ITOCTaHOBKHU.

Jleopmarus B IIOCKOCTH 3JIEMEHTA.

© 3-y3JI0BOM AIIEMEHT

N3omapaMeTpuyeckuii  3J€MEHT (AHAJOTMYHO 3JEMEHTY, MOJEIUPYIOIEMY
IUIOCKOE HAMPSKEHHOE COCTOSIHUE):

BpamarensHas creneHb cBOOOABI OTHOCUTENIBHO OCU Z («OypuibHAs») MOMXKET
OBITh aKTUBMPOBAHA MOJIb30BATEIIEM.

®4-y3710BOM AJIEMEHT

N3omapaMerpuyeckuii  3J€MEHT (QHAJOTMYHO BJEMEHTY, MOJEIUPYIOIEMY
IUIOCKOE HAIMPSKEHHOE COCTOSIHUE):

BpamrarenpHast creneHb CBOOOJBI OTHOCHUTEIBLHO OCH Z («OypHiIbHAs») MOXKET
OBITh aKTUBUPOBAHA MOJb30BATEIIEM.

2. Jleopmarius U3 TUIOCKOCTH

©3-y3JI0BOM AJIEMEHT

JKT (TpeyroyibHbIM 37€MEHT C JUCKPETHBIM HajloxeHueM rumnote3bl Kupxroda),
JTKM (TpeyronbHBIA 3JIEMEHT C JUCKPETHBIM HaJOXKEHHEeM Tunote3sl Kupxroda-
MunanuHa)

®4-y3710BOM AJIEMEHT
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JKY  (4eTblpexyrojbHblii 3JIEMEHT C JUCKPETHBIM HAJIOKEHUEM THUIIOTE3bl
Kupxroga), JAKMY (4eThIpeXyronbHBI JJIEMEHT C JUCKPETHBIM HAaJOKEHUEM
runote3bl Kupxroda-Munanuna)

W3onapamerpuueckas MNOCTaHOBKAa IpuU pabdoTe B IUIOCKOCTH aHAJIOrMyYHa
IIOCTAHOBKE IJI DJIEMEHTA, MOJECIMPYIOLIEro IUIOCKOE HAMNpPsKEHHOE COCTOSHUE.
Onmust  «OJeMEHT BpallEHUs» aKTHUBUPYET BpallaTelbHYIO CTENEHb CBOOObI
OTHOCHUTEJILHO OCU Z JIOKAJIbHOM CHUCTEMBI KOOPAMHAT B KaXKJIOM Y3JI€ 3JIEMEHTA, dTOT

HOHOHHHTGHBHBIﬁ IIOBOPOT BHOCHUT BKJIaJ B ICPEMCIICHUA U NV {

=Y Ny, y=3 Ny, (5.4.14)

(5.4.15)

rae &5 - IOBOPOT IO ONONHUTEIBHOI CTENeH: CBOOO/IE B i-OM Y3IIe.
WNHTerpupoBaHre MaTpUIbl )KECTKOCTH OCYLIECTBIsETC MeTooM ["aycca.
Tabnuua 8§ Yucao Touek MHTErpupOBaHUs AJIsl JUCKPETHBIX MIaCTUHYATHIX

OJICMCHTOB

Bug bnemenra Yucio Touek

WHTETPUPOBAHUS

3-y370BOM TpeyroibHbid |1

4-y3110BOM 4

YEThIPEXYTOJIbHBIN

IIpn akTHBauuM onuuu «DJEMEHT BpAILLEHUS», NOCTYIIATEIbHOE NEPEMEILECHUE B
HaIpaBJCHUM, TMEPIEHIUKYISIPHOM TpaHSIM 3JEMEHTa, TpeOyeTcsl HMHTEePIOISIIUS
TPEThEro MOpPsSAKa, KaK IMOKa3aHO Ha PUCYHKE 17, 4TO MO3BOJUT MOJY4YUTH Ooliee

TOYHBIC PC3YJIbTATHI.
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()

Pucynoxk 17. B3auMocCBsI3b OCTyNaTEIbHBIX IEPEMEILICHUI U BpaaTEIbHBIX
CTeneHel CBOOOIbI
JAKMT (3-y3noBoit) u JAKMY (4-y310BOil) 31€MEHTHI paccMaTpUBAIOTCA B
MIOCTaHOBKE, YUUTHIBAIOLIEH CIBUTOBbIE Je(OpMalUU. DIEMEHThl UMEIOT TOJIBKO TPU
CTENEHU CBOOOJBI B KAXKJIOM Yy3Ji€, a UMEHHO, NEpPEMEIIECHUE 110 MECTHOM OcU Z,WH

YTJIBI TOBOPOTA OTHOCUTENBHO MECTHBIX Oceli x my 6, and 6, .

5.4.6 UnTepdeiicubie (KOHTaKTHBIE) KJ

Nurepdeticubie snementsl MIDAS GTS mo3Bosii0T MOAECIUPOBATH CKOJIbKEHUE
MEXIy pa3HOPOJAHBIMU MaTepHalaMd MU 3JIEMEHTaMH, WMEIOIIMMU CHJIIBHO
OTJIMYAIOLIUECS KECTKOCTU. DTO OCOOBIN BHUJI 3JIEMEHTOB, NMPEAJIOKEHHBINA [ 'yIMaHOM U
ap. (1968), wucnomb3yercss mIsI MOJCIUPOBAHHUS OTHOCHUTCIBHBIX TEpEeMEIICHUN
OOBEMHBIX DJIEMEHTOB, TPAHUYAIINX C UHTEPPEHCHBIM dJIEMEHTOM. Takue 3JIeMEeHTHI
4acTO MPUMEHSIOTCS M MOJCIMPOBAHUS YNPYTUX W HE YOpyrux (Hampumep,
HepabOTaIIMKUX HA PACTSDKEHHE) OMOp, TPEIIUH, CUEIJICHUS apMaTypbl ¢ OETOHOM,
TPEHHsSI MEXKAY MOBEPXHOCTSAMH, TPEIIMH B TOPHBIX MOPOJaX, KAMEHHON KJIaJKH U T.1I.
ITo popme 1 COBMECTUMOCTH 3TH JIEMEHTHI Pa3eNsIOTCs Ha TPU FPYIIIbL:

1. ¥Y3noBble nHTEp(DEMCHBIE AIEMEHTHI - PACIIOI0KEHHBIE MEXTY IBYX Y3JIOB.

Jis  2THX SJEMEHTOB TOBEPXHOCTh W  HAMpaBiICHHE CTBHIKA 3aJal0TCs
M0JIb30BATEJIEM.

2. Jluneiinple UHTEP(PENUCHBIE DIIEMEHTHI - PACTION0KEHHBIE MEXIY CTEP>KHEBBIMU
pJIeMEHTaMH, OajJOYHBIMU AJIEMEHTAMHU WM TPaHSMHU JABYMEPHBIX HIIM TPEXMEPHBIX
9JIEMEHTOB. JlJIs1 3THUX 3JIEMEHTOB MOBEPXHOCTh M HANPABIICHUE CTHIKA OMPEICNIAIOTCS

ABTOMATH4YCCKH, NCXOAd U3 TCOMCTPHH.
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3. Ilnockue wuHTEp(EhCHBbIE 3IEMEHTHl - PACIOJIOKEHHBIE MEXKIY TIpaHIMHU
TPEXMEPHBIX AIEMEHTOB. JlJis ATHX 3JIE€MEHTOB MOBEPXHOCTh U HAMpaBICHUE CTHIKA
TaK>Ke OMPEAEIAIOTCA aBTOMAaTUYECKU, UCXOS U3 TE€OMETPHH.

VYrpyroe conpoTHBIEHHE B OTHOCHUTEIBHBIX IMEpPEMENICHUSX 3aJaeTcsi ¢ 00enx
CTOPOH MHTEP(EICHOTO 3JEMEHTa, a HANPSKEHUS OMPEACTSIOTCS KaK B HOPMAJIbHOM,
TaK 1 KacaTeJIbHOM HaIlpaBJICHUU.

Hanee, 3amaercs Tpenwe mno Moaenu Kyinona mis OorpaHuyeHHss CIABUTa IO
UHTEP(PECHOMY AIIEMEHTY.

Mopenb tpenus Kynona noapa3zymeBaer 3ajjaHUE MaKCUMaIbHOTO CIBUTAIOLIETO
HANpPsDKEHUS HAa TPaHU B BUJE (PYHKIIMM HOPMAIbHBIX HAMpPsHKEHUH, CIETUICHUS U yTria
BHYTPEHHETO TPEHUS.

PacrsaruBatoniyie HanpspKEHUsT B UHTEPPEHCHOM 3JIEMEHTE MOTYT HE YUUTHIBATHCS
P aKTUBAIIMU OTIIMH YCEUEHUs B 00JaCTH PACTKEHUSI.

Yucno creneHeil cBoOOABI B y3JaxX COBMAJaeT C YHCIOM CTENEHEHl CBOOOJIbI
TUIOCKUX WIIA TIPOCTPAHCTBEHHBIX 3JIEMEHTOB, MPUMBIKAIOIMINX K HHTEPhEHCHOMY.

NHTepdelicHbIl  3JIEMEHT HWCHONb3YET CTAHAAPTHYI0 KOHEYHOZJIEMEHTHYIO
MIOCTAaHOBKY, TOJIMHA 3JIEMEHTa MNpUHUMaeTcs paBHOM Hymwo. [Ipu npoeaeHuu
YHCIIEHHOTO pacdeTa JUisi SJEMEHTOB C HYJEBOH TOJIIWHOMN, MOJDKHO MPUMEHSTHCS
MeToJl MTpapHBIX KECTKOCTEH NpU IMOMOIIM BBEIACHHUS HOPMAJIbHOM M KacaTeabHO
xecTkocTu (cMm. puc. 4.1.2). Tak kak Oonbinas mTpadHas KECTKOCTh MPUBOAUT K
HEYCTOMYMBOCTH YWCJICHHOTO PEUICHHs, OHa TaK)Ke€ MOXKET MPUBECTH K HETOYHOMY
BBIUHCJICHUIO OTHOCHUTEJIBHBIX MEpPEMEIEHUN Jaxe JUisi BeCbMa MallbIX BEJIMYUH.
[ToaTomy crenyer yaenarb ocoboe BHUMaHHWE BEIMYWHE, 3aJaBaeMoil ITpadHOM
xectkoctu. B MIDAS GTS pekomenmyemas BenuuuHa mtpadHON >KECTKOCTH paBHA

k=1000x E/d,, rne E - naumensinee 3nauenne monyns FOHra Ui MpUMBIKAIOMINX
AIIEMEHTOB, a 0, - mapaMeTp, YUUTHIBAIOIINN OTIMYHYIO OT HYJIS TOJIINMHY 3JIEMEHTOB.

[Tapamerp HEHyneBOW TONIIUHBI I MITpadHON >KECTKOCTU MOXKET MPUHUMATh
3HaueHus otT 0.1 mo 1. [lapameTp HEHYJIEBOW TOJILMHBI HE SIBIIETCS €€ BEJIMYHMHON, a

MIPEICTABIISIET COOOM MACIITaOHBIN KOIPDUIIMEHT, YUUTHIBAIOMINN STUHUIIBI H3MEPEHUS
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o 2
¥ BEJIMYHHY MITpadHOH sKecTKOCTH. EnuHuna usmepenust Moayist ynpyrocta - H [ m®,
y 3
a mrrpadHoit xkectroctu - H [ m°,
HopmasbHble ¥ CABUTAIONIME  HANPSDKEHHS — XapakTEepu3yloT  paboTy

uHTepdeiichoro siementa. OOmMI BHUJI CUCTEMbl YpPaBHEHHM, CBSA3bIBAIOLICH

cuerieHne t 1 OTHOCUTENBbHOE ITepeMelieHre A !

t=D-Au (5.4.16)

IIpu pemennn mIoCKux 3anay:

t:{:‘l u{t ﬂ gu:{iﬂ (5.4.17)

rac kx - HOpMaJIbHaA JKCCTKOCTD,

ky - CABHUTOBAsA XCCTKOCTD,

t - HopMasnbHOE cuemtenue, [H / m°];
t, - kacarenbHoOe cuemienue, [H / Mm];

AU, - HOpMaJIbHOE OTHOCUTENIBHOE NepeMelieHue, [m];

Au, - KacaTeibHOE OTHOCUTEILHOE TIepeMenieHue, [u];

r
i

2¢) «* oo, r ty
—. ....H T ——
1s oy

(a) topology (b) displacements (e) tractions
Pucynox 18. UuTepdeicHbIi 251IeMEHT, pacloIoKEHHbIN MEXTY ABYX y3JI0B B
MJIOCKOM TOCTaHOBKE
JInst TpeXMEpHBIX 3a/1a4, UCIOJIB3YIOTCS CIIEAYIOIIME ITapaMeTphl:

t - HopManbHOE cuemienue, [H / v°];
t,,t, - KacarenbHbIE CUEIUICHNS, [H %],
AU, - HOpMaJIbHOE OTHOCUTEINIbHOE MiepeMelienue, [u];

AU, ,Au, - KacaTelbHbIE OTHOCUTENbHBIE NIEpEMENIEHYs, [M];
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(a) OTHOCHUTEIBHBIC MIEPEMEILICHHSI (b) Cunbl cuenenus
Pucynok 19 : OTHOCUTENbHBIE TIEPEMEILICHHS U CHJIBI CIETUICHUS JUIs
TPEXMEPHOTO UHTEP(EHCHOTO d1eMeHTa (0003HaueH MyHKTUPHOU JTMHUEH )
@Dopma K3, coemecmumocmnb, cmenenu c60600bl
B MIDAS GTS mnogaepkuBaloTCs BCE BHIbI JIMHEHHBIX HWHTEP(EHCHBIX
AJIEMEHTOB, MOKAa3aHHbIE HA pUCYHKE 19 W macTUHYaThle MHTEP(ENCHBIE 3IEMEHTHI,
noka3anHbele Ha pucyHke 20. CyecTByIOT 0COOEHHOCTH MCIIOJIb30BAHMSI JIMHEHHBIX U

IIaCTUHYATBIX 3JICMCHTOB B JIBYMCPHBIX U TPEXMCPHBIX 3aaa4ax.

Jluneitnsie unTepdeiicapie 3meMenTsl B MIDAS GTS npumensitorcst TOJIBKO Mpu
pelIeHUH JIBYMEPHBIX 3aJad U MOTYT OBbITb BBICOKOTO W HHU3KOIO MOPSJIKOB (CM.
pucyHok 19). Jluneitnsiii uHTEpQEiiCHBIE 3JIEMEHTHI MOTYT HCIIOJIb30BATHCSA IS
MOJICTUPOBaHUs  COJMMDKEHUS/yIAJIIEHUST W MPOCKAIb3bIBAHUS 2JIEMEHTOB,
MOJCIUPYIOMINX TUIOCKYIO JedopMaIuio Wik 3JIEMEHTOB, MOACIHUPYIONINX TIOCKYIO
nedopmalio U 6aTIOYHBIX JIEMEHTOB, WJIH OCECUMMETPUYHBIX DJIEMEHTOB.

HuxenepeunciieHHbIE AJIEMEHTHI MOTYT OBITh MCIIOJIb30BAHbI JI1 MOJCIUPOBAHUS
B3aMMOJEHUCTBUSA COOPYKEHUSI U OCHOBAaHUS B TPEXMEPHOW IOCTAHOBKE. BO3MOXHBI
CICAYIONIME COYETAHUs: B3aUMOJEHCTBHE ABYX OOBEMHBIX JJIEMEHTOB, 00BEMHOTO U
MJIACTUHYATOIO JIEMEHTA, a TAaK)KEe PJIEMEHTOB, MOJICITUPYIOIIUX TIJIOCKOE HAMPSYKEHHOE
COCTOSIHUE WJIM apPMUPYIOIIUX TPYHT AJIEMEHTOB.

Jlunetinblii neMueHT (1+1 y3en)

TpeyronbHbIN 3JIEMEHT HU3KOTO nopsiaka (3+3 y3ma)

TpeyronbHbIN 3JIEMEHT BBICOKOTO nopsiaka (3+3 y3na)

YeThlpexyTroabHbIN 2JIEMEHT HU3KOT0 nopsjika (4+4 y3na)

UeThlpexXyroiabHbIN 3JIEMEHT BBICOKOTO TIopsiika (8+8 y3510B)
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Pucynox 20. [InacTuH4aTbie HHTEPPEHCHBIE TIEMEHTHI

Ceoticmea s1emenma
JI71s1 IIOCKUX KOHCTPYKIIMH JIMHEHHBIE CBSI3€BBIC DJIEMEHTHI MOACPKUBAIOT
CJICIYIOIIHE TTApaMETPhI:
XKectkocTh N0 HampaBieHuto MmecTHO K,
ocu X
7KecTKOCTh 1Mo HANPaABICHUIO MECTHOMU k
ocn Y
JKecTKoCTh 110 HanmpaBJIEHUIO MECTHOU k

ocu Z
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KO3-popmynuposka
OtHocutensHbIe IepeMenieHus AU, Au,, AU, CBA3aHBI ¢ MaTpUIIeH xKecTKocTr D

BBIPAKEHUEM:
o p=DqAu, (5.4.18)

OHeprus aepopManuu UHTEPHENCHOTO AeMeHTa:
K, = [ Bl DB, dT (5.4.19)
r fer (2 . .
Kpome Toro, nHEpIIMOHHBIE CHUJIBI MOTYT OBITH MOJyUEHBI IIPH MOMOIIY HHTETpasa;

Fouo = | Blotdl (5.4.20)

[TpumeHsist YnMcIeHHOE UHTETpUpOBaHUe MaTpullsl (5.4.18), momyunm:

Nip
Ku.l.w' = iBfu'd'rDBi.W' dE[.I"I '\_'l‘.’-" (5421)
J=1

Nap

F,., =Y B tdetJ'W (5.4.22)

rae Nip - aucio Touex MHTErpUpOBaHHMS

B - MaTpuna, CBA3bIBAIOIIdsd OTHOCHUTCIIBHBIC IICPCMCIICHUA U IICPCMCIICHU A

inter
AJIEMEHTA.
NurterpupoBanne ocymiectsisiercss meroaoM Herorona-Korteca.

Tabnuua 9. Uucno Touek MHTErpupoOBaHUs 11 UHTEPPEHNCHBIX DIIEMEHTOB

Bun snementa Hucio Touek MUHTErPpUPOBAHUS

4-y3710BOM JIMHEIHBIM 2

6-y3710BOM JTUHEHHBIH

6-y3710BOI TPEYTOJIBHBIN

8-y3710BOI1 YETHIPEXyTOTHHBIN

12-y3110B0O# TpEyroabHBIM

O O b~ W W

16-y3110BO#1 4ETHIPEXYTOMBHBIN
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[InacTuHYaTHIC I’IHT@Dd)GﬁCHBIC ajieMeHThl: CerMeHTHOE COSIMHCHHE

IInacTuHYaTHIC HHTepq)eﬁCHBIC QJICMCHTBI HCIIOJIB3YKOTCA AJIsAI MOACIIMPOBAHUA
HEJIMHEHUHBIX 3JIEMEHTOB OTACIKHA TYHHeHeﬁ. Hx IMPUMCHAIOT IJII MOJCIUPOBAHUA
TOHHGJ’ICﬁ, BO3BOJHMMBIX MCTOJO0M H.IHTOBOﬁ IMPpOXOAKHU C HNCIIOJIb30OBAHHUCM CErMEHTHOM
OTACJIKH. OneMEHTHI T03BOJISIOT MOJCIUPOBATh HIAPHUPHOC OIIMPAHUC, OTAAJICHUC,
COJIMDKCHHE U CABHI' 3JICMCHTOB OTACIKHW OTHOCUTCIIBHO APYT ApYyTa.

ITocTanoBKa IJIaCTMHYATBIX HHTCp(beﬁCHBIX QJICMCHTOB aHAJIOrnudHa IIOCTaHOBKEC
ABYMCPHBIX JIMHEMHBIX HHTpe(pefICHBIX JJICMCHTOB, HO JJIA INIACTHHYATBIX 3JICMCHTOB
Tpe6yeT05I AOIIOJIHUTCIIBHO 3aldaTb IIOCTYIIATCIIBHBIC W BpPAIIATCIIBHBIC CTCIICHU

CBOOO/EL.

jaint

high-order plate
interface elament

lw-order plate
interface element

X

Pucynok 21 [Inactunuatsiii ”HTEPPEHCHBIN 371IEMEHT (BBICOKOTO M HU3KOTO
MOPSIIKOB)
4-y3710BbI€ 3JEMEHThl HHU3KOTO TOPSJAKHM U O-y3J0BBIE 3JIEMEHTHI BBICOKOTO

nopsiika qoctynHbl B Midas GTS Toybko npu perieHne TpeXMEpHBIX 3a7ad.
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@opma K3, coemecmumocms, cmenenu c60000b1

B oOmewm cnyyae ¢opma mimacTMHYaTOro WHTEP(ENWCHOTO 3JIEMEHTa CX0Xa C
dbopmMoii TBYMEPHOTO JIMTHEMHOTO WHTEPPEHCHOTO d7IeMeHTa (CM. PUCYHOK 22). Y3mbl 1
U 2 pacrojoXeHbl BHU3Y, a 3 U 4 — BBEpXY AJIEMEHTA.

JUIst 5IEMEHTOB BBICOKOTO MOpsJIKa, CHayajaa OCYLIECTBIISIETCS HyMepalus y3JI0B,
COOTBETCTBYIOIIMUX JJIEMEHTY HHU3KOTO MOPSAKA, a 3aTeM CHH3Y BBEPX HYMEPYIOTCS

BHYTPEHHHUE Y3JIBIL.

Pucynox 22. Tononorus miacTHHYATOr0 HHTEP(HEHCHOTO AIeMEHTa

ITocTtynarenbHble IEpEMEIICHUS 110 MECTHOM OCH Z W BpAILEHUE OTHOCHUTEIIBHO
MECTHOM OCH y — CBOWCTBA, NOJJEPKUBAEMbIE IUIACTUHYATBIMU HHTEP(PEHCHBIMU

AJIeMEeHTaMU (B OTJIMYME OT JIMHEHHBIX UHTEP(EHCHBIX 2JIIEMEHTOB), CM. PUCYHOK 23.

‘;Ej,.-rgu =

¥ s

‘%IZP iy Mt
L X

3 ‘j“ij. Ij.h': 4

et
"x— !_5.“
‘;ﬁ..’:rx i
.I.
‘&&M’. Pl
.I.
1

Pucynox 23. [lepemenienue u nedopmarius miacTUHIATOro HHTEPHEHCHOTO

iy,

2

QJICMCHTA

I[GCI)OpMaHI/IH pacCTAXKCHUA 3JICMCHTA U OTHOCHUTCIIBHBIC IICPCMCIICHUA 1 MaTPHIlA

(bopMBI ISl TIIACTUHYATOTO UMHTEP(ENCHOTO IeMEHTa!

'”.lr ﬁ”x ”x,ﬂn&' - ”J\.'...-JH.I.-J.HMJH.:E'
f Au M, g — U
_ r _ vl _ v, e ¥ st esd e
i= . A, = = (5.4.22)
. A, U g — U

T A s e side

"I”_l' ﬁ‘:ﬁl ‘?jl'.,ﬂnﬂ' - ‘:E’r_'l',rw.-m«.wd}.'
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Cesoticmea 371emenmos

CaoiicTBa MaTepuana, nojaepKuBaeMble HHTEP(EHCHBIMH 3JIEMEHTAMHU:

Mopyne ynpyroctu E
Koadpunment Ilyaccona 1%
TonmuHa smeMeHTa b

Cucrema ypaBHeHI/Iﬁ JJIA HHTep(l)CﬁCHOFO IIACTUHYATOI'O JICMCHTA IJIA ClIy4dasd

JABHXKCHUS KCCTKOI'O TEJIA.

E 0 0 0
E
", o — 0 0 Au,
2({1+wv)
Lo| A,
c("lo o + 0 |] A, (5.4.23)

m, 2(1+v) Agh
' Eb '

0 0 =

i 12 3

st mnactuHyaThix uHTepdeiicHpix anemenToB MIDAS GTS momnep:xuBaercs
Mozenb Tpenus KynoHa m Mojenb ABWXKEHHS KecTkoro Tena. Kpome Toro, mojeinb
SlHCceHa mocTynHa 11 HEJTMHEWHBIX PACYETOB.

KO3-gopmynuposra

CreneHu CcBOOOMBI TIACTUHYATOTO HHTEPPEHCHOTO dSJIEMEHTa OMPEACNSIOTCS B
JIOKaJbHOM CHCTEME KOOpJMHAT, MECTHas OChb X HalpaBlieHa BJOJb JIMHUU,
COEIUHSOMIECH 1-bIi1 U 2-0W y37bl, OHA SIBJISIETCA KAacaTeIbHO K IUIOCKOCTH 3JIEMEHTA.
MecTHast oCh Z HampaBjieHa MO HAIMpPaBJICHUIO TOJIIMHBI, TAKUM 00pa3oM JIOKajJbHas
CUCTEMa KOOPIMHAT OMpPENesaeTCs aBTOMATUYECKUA TPH MOMOIIU aHAIN3a Te€OMETPHUH

COEMHSAEMBIX DJIEMEHTOB, KaK ATO MOKA3aHO HA PUCYHOK. 24.

Iy ng

Pucynok 24 OnpeneneHre HanpaBiIeHUsI MECTHBIX OCEH IS TUIACTUHYATOTO

uHTEepEHCHOTO IJIEMEHTA
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5.4.7 Caaiinbie KD

Caariasie KD 1 MogenupoBaHus CBaAl TPEHUS

Caaitapie KD 0OBIYHO HCITONB3YIOTCS IS PEHICHHS TPEXMEPHBIX 3ajad, IOTOMY
9TO COXpPaHEHHUE CBSI3M MEXKIY y3JIaMH HE TpeOyeTcsi, BO3MOXXHO MOJEINPOBAThH
HEJIMHCWHBIC KOHTAKTHBIE IIPOIECCHl TaKWe, KaK TpEeHHWe cBaWm O TpyHT. Kpome
OaIOUHBIX CBOWMCTB, JJIsI CBAHHBIX 3JIEMEHTOB TpeOyeTcs 3aaaTh YCIOBHS KOHTAaKTa C
IpYHTOM. BXoJHBIC TapamMeTphl CBAaHOTO JJIEMEHTa COBIAJAIOT C IIapaMeTpPaMH
O6aou”oro snemeHta. [lapaMeTpsl KOHTakTa ¢ TPYHTOM OYIyT PacCMOTpPEHBI Oosee
oAPOOHO.

PucyHok 25 mokaspiBaeT cXeMy BHEAPCHHUs OAJOYHOIO DJIEMEHTa B MaTCPUHCKHM
anmeMeHT. CBalHBIC SJIEMEHTBHI MOTYT CO37aBaThCsl TOJBKO TIPH HCIIOIH30BAHUH

00BEMHBIX PJIEMEHTOB.

%b : Pile element

PucyHOK 25 DnemeHT cBail TpeHHs

Dopma K3, coemecmumocmnb, cmenenu c60600bi

B mpeapinymiem pazaene Obul OomMcaH TPEXMEPHBIA AJIEMEHT, C BHEAPEHHBIM
¢bparmMeHTOM cBau. OTOT (GparMeHT COCAMHSIICS C TPEXMEPHBIM D3JIEMEHTOB IIpH
MOMOUIM TPEXMEPHOro MHTEP(HEHCHOTO 3IIEeMEHTa KOHTaKTa cBau ¢ TpexmepHbiM KD.
Tak Kak y4yacTOK CBau UMEET COOCTBEHHBIE Y3JIbl, OTHOCUTENIbHBIEC TIEPEMEILICHUS CBaU
U 00BEMHOr0 »HJIEMEHTAa BO3MOXXHBI, @ KOHTAKT 3aJaeTcsi MpH TOMOIIM TaKOro
uHTEpHEHCHOTO IEMEHTA.

MecTtHass och X ONpenemnsieTcs HalpaBiICHUEM JMHHUH, COCAUHSIOIEH Y3Jbl C

HOoMepamu | u 2, och y apajuieibHa TJI00abHON ocH Z, a HalpaBJICHHE MECTHOU OCH Z
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onpeensieTcss mo npaBuily npaBoil pyku. CteneHn cBOOOBI AJIEMEHTa MOKa3aHbl Ha

PUCYHOK 26.

Mother element Global-Z

ECS-z

-9 { ) ECS-y .

ECS-x

Pucynok 26. CucteMa KOOpAMHAT CBATHOTO AJIEMEHTA
Ceoticmea 21emenmos
B ciiyyae MmoaenupoBaHus )KeCTKOTO Tejla, CBAHbBIC SJIEMEHTHI MOAICP>KUBAIOT

CIEAYIOIINE TapaMEeTpPhI:

JKecTKOCTh 110 HAIpaBICHUIO MECTHOM ocu X K,
JKecTKoCTh 10 HaIPaBJICHUIO MECTHOH ocH Y K,
JKecTkoCTh 110 HaIpaBJIEHUIO MECTHOU ocu Z K,

[TpoYHOCTH M KECTKOCTh MOTYT OBITh 33JJaHHBI TIEPEMEHHBIMH 110 JJTMHE CBaM KaK
CBOWCTBAa CBAMHBIX SJIEMEHTOB, B J00aBJICHHE K BO3MOXXHOCTH 3aJaTh TEPEMEIICHUS
CBau Kak JABUKEHUS KECTKOTO TeJa.

KO3-popmynuposra

CBau MOTYT MOJIEITUPOBATHCS CISAYIOIMIMMH TPEXMEPHBIMU SJIEMEHTAMU HU3KOTO
WJIA BBICOKOTO MOPS/IKA:

¢ 8-y3110B011/20-y3710BO# 6-TpaHHBIN JIEMEHT (KHPITYHUK)

¢ 6-y3510B0O#/ 1 5-y3710BO#1 5-TpaHHbIN 2JIeMEHT (KJIWH)

e4-y3510B0#/10-y3710BO# 4-TpaHHBIN JIEMEHT (TETPAdIP)

CBau MOTYT MOJIETHPOBATHCS CIEAYIOIMIMMHE JIMHEHHBIMU DJIEMEHTAMHU: 2-y3JI0BOM
CTEP>KHEBOM DJIEMEHT

¢ 2-y3710BOW OaJIOUHBIH 2JI€MEHT

['mobGanbHas cuctemMa KOOpAWHAT 711 MHTEP(PEHCHBIX JIIEMEHTOB MOXKET ObITh

OImMcCaHa Tak:
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X=X, X, X,| (5.4.24)

JlokanpHas cucremMa KoopauHat I/IHTep(i)eI‘/’ICHOFO 9JIEMEHTA CBS3aHa C TJI00abLHOM

CIEAYIOIIMM 00pa3oMm:

x=1{y (X)X X)) w(x2x2,x2) x(x0 a0 X0 )=lx, x, X} (5.4.25)
j % Elemen tary ‘I\
Coomdinate

@ Elementary
Coondinate

Pucynox 27. Bunbl uHTEpPEHCHBIX 2JIIEMEHTOB ISl COSTUHEHUS TPEXMEPHBIX U
CTEP)KHEBBIX DJIEMEHTOB

I'mobGanwHas cucrema KOOpAWHAT OIMIMCBIBACTCS BbIPAKCHUCM!

X=1 (5.4.26)
JlokanbHyI0 cCUCTEMY KOOPAMHAT MOKHO OIKUCATh OPTOrOHAJIBHOW MAaTPULICH:
X' ox! o oxl
x=| X7 X! X3 (5.4.27)
X7 Xy X3

V310BbBIC KOOpAWHATELI B JIOKaQJIbHOM CUCTEME:

i ool 2 2 .2 3.3 3l
A= {rl('rl --fzerJ Ay Lrl "rl"'!fJ-JII -H[—rl TR JJ

X, X, Xif _ _ |
=l x o e d) sl xd) e (5:4.28)
Xy X; X

HNuTerpupoBanre MaTpHUIlbl J)KECTKOCTH OCYLIECTBIIIETCA METOA0M HbroTOHa-

Koreca.
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Ta6muma 10 Yucno Touexk UHTETpUPOBAHUS JIJIs1 CBAafHOTO AJIEMEHTA

Bun anemenTa Ywucno Touek HHTETPUPOBAHUS
4-y3710BOM JINHEIHBIM 2
6-y3710BOM TUHEHHBIN 3

Caamiasie KD 1 MogenupoBaHus CBal CTOEK

Briie paccMmotrpenbl cBaiiHble KD, OCHOBaHHbIE HAa  KOHTAKTE JIMHEHHOTO W
OOBEMHOI'O  3JIEMEHTOB, YYHUTHIBAIOIIME TPEHHWE CBAal O CTEHKH CKBAYKHUHBI
(Ipockanb3bIBaHUE); OAHAKO, OHU HE TMO3BOJISIIOT MOJIEIMPOBATh HEIUHEHHOCTH,
BO3HUKAIOIIKE NMpHU OTKa3e (B ocHoBaHUU cBau). Iloatomy, paccmorpenssie Bbie KO
clielyeT MPUMEHATh JJII MOJEIUPOBAHMS JOCTATOYHO JJIMHHBIX CBai, JJIsl KOTOPBIX
BKJIaJIOM HEJIMHEWHOCTH, BO3HUKAIOIIEH B OCHOBAaHUHU CBau, MOXXHO IPEHEOPEYb.

JUis orpaHu4eHuss HECyIIeW CIOCOOHOCTH CBaW BBOJAUTCS JOTOJHUTEIbHBIN
MHTEpPENCHBIN 3JIeMEHT (y3ea+00bEMHBINA 3JIEMEHT) Ha KOHLE cBau. Takum o0pazom,
IIOJIyYEHHBIM 3JIEMEHT MOJJACPKUBACT KAK HEIMHEWHOCTh OT TPEHUS O CTEHKHU
CKB&)XHMHBI, TAK U OT OTIOpPA IPYHTA.

IIpy  co3gaHuMM  CBalHBIX  3JEMEHTOB,  IIOJB30BAaTENIb  MOXET  3aJaTh
JIOTIOJTHUTENIbHYIO CBSI3b Ha KOHIIE CBau. B 3ToM ciywyae co3zmaercss mHTEp(ercHBIN
AJIEMEHT KOHTaKTa MEXAY TOYKOM U OOBEMHBIM RJIEMEHTOM Ha KOHLIE CBAaW, KOTOPHIN
CBSI3bIBACT y3€1 OalOUHOTO CBAMHOTO 3JIEMEHTAa C OKPYKAIOIKUMU TPEXMEPHBIMU
AJIEMEHTAMH TPyHTa. DTO UHTEPHEUCHBIN JIeMEeHT (y3ea+00BEMHBIN 2JIEMEHT) MOXKET
OBITh OPUEHTHPOBAH IMOJb30BATEIEM ISl 3aJaHUsl HEJIMHEHHBIX CBOMCTB MO OCH CBaw.
OTU CBOMCTBA MOTYT OBITH UCAIBHO IUIACTHYHBIMHU (BBICOKAsl ympyrasi )KECTKOCTh H
OrpaHUYeHHas Hecylass CIOCOOHOCTb) WM 33JaHHBIMU IOJIb30BATEIEM B BHUJE
JUHEWHOW TUarpaMMbl 3aBUCUMOCTH CHJIbI OT IEPEMEIIEHUS.

eHecymmas cnocoOHOCTh — MakCUMallbHAS BEIMYMHA BOCIPUHUMACMOUM HArpy3KH
Ha KOHIIE CBaHU.

el IpyxnHHas &KECTKOCTh KOHIIA CBAW — HayajbHas YNpyras *eCTKOCTh, KOTOPYIO

HMCCT CBad 40 OTKa3a.
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IIpu akTHBaIMK TaHHOW OMIMHU, paboTa CBau B €€ OCHOBAHUU OyaeT JUHEWHOU J10
JTOCTUKEHUS YKa3aHHON Hecylled CIOoCOOHOCTH, MPHU 3TOM CBas pabOTaeT HJI€AIbHO
MJIACTUYHO.

Crnenyer y4MTBIBaTh, YTO YIIPYyras »K€CTKOCTh B OCHOBAaHWU CBaM JIOJDKHA OBIThH
JOCTaTOYHO OOJIBIION ISl TOJYyYEHUS HE3HAYUTEIBHBIX TEPEMEIICHUH W, B TO XKE
BpEMsi, JOCTATOYHO Majol MO CpaBHEHUIO KOA(DOUIIMEHTOM CIIBUTOBOM MKECTKOCTHU
IIAXThI 1O JJYIMHE CBAaM JJIS MOBBIIICHUS] YCTOWYHUBOCTH YUCIICHHOTO PEIICHHUS.

o[ [py>KHHHYIO KECTKOCTh B OCHOBAaHUH CBaW MOKHO 3a7aTh B BUAC (YHKIIMHA. ITO
MO3BOJISIET TI0JIb30BATENI0 33JaBaThb €€ B BHUJE 3aBUCUMOCTH CHJIBI PEAKIUU OT
OTHOCHUTEJIBHOTO OCEBOI'0 MEPEMEIICHUSI KOHIIA CBAaW M OKPYKAIOUIUX €r0 3JIEMEHTOB
TPYHTA.

Hakonen, wuHTepdeiicHbi  d7eMeHT (TOYuKatoOBEMHBIH  DJIEMET)  MOXKET
HCIIOJB30BaTh MYJBTHWIMHEHHYIO IHarpaMMy 3aBUCUMOCTU PEAKIIUUA OT TIEPEMEIICHUS,
MOJIy4aeMOU MPU YMHOKEHUH HOPMAIM30BaHHOW PYHKIUU (C y4E€TOM pa3MEpPHOCTH) Ha
3aJIaHHYIO HECYIIIYIO CTIOCOOHOCTD (C YU4E€TOM pa3MEPHOCTH).

CgaliHble 3JIEMEHTHI C 33/1aBAa€MbIMU YCJIOBUSMH OMUPAHUSI UCIIOJIB3YIOT YCIOBUS
KOHTaKTa BUAAQ JIMHUATOOBEMHBIN JJIEMEHT W TOYKA+OOBEMHBIA DJIEMEHT B BUJIE,
XpaHseMcs B OM0IMOTEKe CTaHAAPTHBIX CBAaWHBIX AJIEMEHTOB U CBAMHBIX JIEMEHTOB C
3aJIaHHBIMU yCJIOBHS omnupaHus. Ha puc. 28 mokaszaH mporiecc MOIETUPOBAHHS CBau
CTOMKM C 3amaHHbIMH ychoBusiMu ornupanus B MIDAS GTS, cocrosmuii B 3amaHun
UHTEpPENUCHOTO  2yeMEeHTa  (TOYKat+OObEMHBIM  3JEMEHT) B  JJEMEHTE C

JOITIOJIHUTCIBbHBIM KOHTAKTOM JIMHEWHOTO 3JIEMEHTA ¢ OOBEMHBIM.

) Pile tip bearing

Pucynok 28. MonenupoBaHie HECYLIETO MIEMEHTa B OCHOBAHUH CBAH
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OceBasi )XeCTKOCTb I10 Hecymeﬁ CITOCOOHOCTH B OCHOBAaHHMHU CBau YUUTBIBACTCS B

y3jax, IPUMBIKAIOIMUM K OCHOBAHHIO CBAU B Y3JIaX IICPCCCUHCHUA CBaMHOI'0O 3JIEMEHTA C

E3lEdley

Az ol pile tip bearng

OQJIOYHBIM.

O Pile tip bearing
Pucynok 29. Hecymuii 371EMEHT B OCHOBaHUU CBaM C )KECTKOM CBSI3bIO

Dopma KO, cosmecmumocms, cmeneru c60000bvl

71 <

') File tip bearing

LHLE

O Piletipbearing
Pucynox 30 Paznuunbie Buipl UHTEPHEUCHBIX 3JIEMEHTOB JI1 COEAMHEHUS
TPEXMEPHBIX U CTEPIKHEBBIX AJIEMEHTOB
Cesoticmea s1emenmos
B ciiyyae MmogenupoBaHus cBau Kak dKECTKOTO Tena, CIEAYET 3a1aBaTh CICAYIOLINE
XapaKTepUCTUKN MaTepHalIa:

XecrtkocTh Mo HanpaBieHUIo MecTHOM ocn X K,

JKecTkoCTb 110 HanpaBiIeHNIO MeCTHOH ocn Y K

JXecTkoCTh MO HampaBieHUIo MecTHOM ocu Z K,

Pa3ynp0quHHe MaTcpuajia MOXCT OBITH 3a4aHO AJIA ABHKCHUS JKCCTKOI'O TCJIA.
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5.4.8 Yupyrue cBsi3u

VYropyrasi cBsi3b COENMHSIET JBa Yy3J1a, €€ >KECTKOCTh 33JaeTCs IMOJIb30BATEIEM.
CBsi3b UMEET KECTKOCTh TOJBKO B JIOKAJIBHOM cucTteMe KoopauHaT. [Ipu moMonum tpex
MOCTYTATEIbHBIX U TPEX BpallaTeNIbHbIX JKECTKOCTHBIX XapaKTEPUCTUK MOXKHO 33JaTh
VOPYTYIO CBSI3b TaK, YTO OHA OyneT paboTaTh TOJBKO Ha PACTSHKEHHME HIIM CXKaTee.
XKectkocTu 3amaroTcsi B BUJIE TIOTOHHOM CWibl WM MOMeHTa. B kadectBe mpumepa
MIPUMEHEHUSI YNPYTUX CBSI3€M MOXHO TMPUBECTU OMOPHBIE SJIEMEHTHI, COCAUHSIOIINE
HACTHJI MOcCTa ¢ ero omopamu. CBsizu, paboTaromye TOJIBKO Ha CXATHE MOXKHO

IMPUMCHATH B KAYCCTBC I'PAHUYHBIX YCJIOBI/Iﬁ HJIL TPYHTA.

Ref.

Pucynok 31 Cucrema KoopaAuHaT 7151 CBSI3€M KOHEYHOM KECTKOCTH
5.4.9 Kecrtkue cBsa3u
XKectkue cBSi3M OrpaHUYMBAIOT MEPEMEIIEHUS W YTIibl MOBOPOTa 2-X WM Ooiee
y3710B. TakuM 00pa3oM, CTENEeHb CBOOOJBI OAHOIO y3ja OMNpENesseTcs] OJHOW WM
HECKOJBKHUMH CTEMEHSMH CBOOOJBI OJHOIO WJIM HECKOJBbKUX Y3J0B. OTOT y3€l
Ha3bIBACTCSI TOJYMHEHHBIM, a Y3Jbl, OMNPEAENAIONINE €ro CTENeHU CBOOOIBl —
IVIAaBHBIMU. ['eomeTpudeckre 3aBUCMMOCTH Ul NPU  YCIOBMM, 4YTO TIJIAaBHBIA H

MOTYMHEHHBIN Y3JIbl HE JIE)KAT HA OJHOM MPSIMOM:
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Uv,=U, +R, AZ-R, AY
Uy =Up, + Ry AX - R, AL
U, =U, +R, AY - R _AX

Ry, = Ry,

Ry, = Ry, (5429)
R, = R,,

A =X, -X,

AY =Y =Y

N =F -7

rae U, U, U, - nepemernenns nogunHenHoro y3ia B ro0aabHOM cuctemMe
KoOpAuHaT 1o ocsim X, Y, Z;

Usn,Uvm Uz, - mepeMenienns rnaBHoro ysna B riio0anbHON cUCTEME KOOPAMHAT
moocsim X, Y, Z;

Rys, Rys, Ry - yrimsl moBopoTa notuiMHEHHOr0 y311a B II100aI5HOM CHCTEMe
KOOpAMHAT OTHOCUTENBHO oceit X, Y, Z;

Rym, Rvn, Ran - yriel moBopoTa rmaBHOTO y3ia B 100anbHOM cHCTEME KOOPAUHAT
otHOcuTenbHO oceit X, Y, Z;

Xs,Ys,Z - KOOpAMHATEI NOMYMHEHHOTO y3/Ia B TII00ATEHOM CHCTEME KOOPIMHAT;

X, Y, Zn - KOOPIMHATHI TIIABHOTO Y3714 B TII00ANBHON CHCTEME KOOPIMHAT;

6. MaTpuubl Bepuduranuu

B cooTBeTcTBHH C ONMHCAHHBIMA BO3MOKHOCTSIMH OBUIM COCTaBICHBI MATPHIIBI
Bepu(dUKanuy,  OTpakalwliue Becb  00beM  BEpUPUUUPYEMBIX  MPUMEPOB
MIPEACTABICHHBIX B TOMAX 2,3 HACTOAIIETO OTYETA.

Tom 2 - Bepuduxanuonnsiec npumepsl u13 MIDAS GTS verification manual, T.e.
MpUMEPBI, MPEJIOKEHHBIE U BBINOJHEHHbIE camMuMu paspadotunkamu [IK. B pamkax
JAHHOT'O TOMa JTH IPUMEPHI OBUTH BBIIOIHEHBI U IPOCUYUTAHBI 3aHOBO C LEIbI0 aHAIIN3a
1 OIICHKH JIOCTOBEPHOCTHU PE3YJIbTATOB.

Tom 3 - BepuuUKaIMOHHBIE IPUMEPHI, MPEITOKEHHBIE DKCIIEPTAMH U KOMaHI0M

Bepu(DUKaAIUH.
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Tabauma 11. Ipumepsr u3 MIDAS GTS verification manual.Marpuma Bepudukanuu

Nel
Ne | HaumenoBaHue Tun Koneunnie OuennBaemble IHorpemHocTs,
TecTa NMPOBEPKHU 3J1eMEeHThI napaMeTpbl %
pe3yJbTaToB
1 | Humnaapuaeckoe | (1) 4-x y3110BOH PannansHoe 0,92
OTBEpCTHE B YEeTBIPEXYTOJMbHBIN | HAIPSOKEHUE
6eCKOH€‘lHOI/I DJIEMEHT TUIOCKOH | JeacatenbHoe 177717
yIpyroi cpeze nedopMarum, HATIPSKEHHE
(BHYTp./BHEII.)
PannansHoe 1,25
HIepeMEIICHHE
4-x y31moBOH PapuansHaoe 0,95
YEeTHIPEXYTOJMbHBIN | HANPSOKEHUE
OCCCUMMCTPUIHBIN | [acatenpHOE 1,84/1,24
SJICMCHT HAIIPSKEHHE
(BHYTp./BHEIIL.)
Papmansnaoe 1,49
TIepeMeIICHIE
2 | Chepuueckas 1) 4-x y31moBOU PamuansHOe 0,01
HOJIOCTh B YETBIPEXYTOJIbHBIA | HANPSKCHUE
6GCKOH€:‘{HOI/I OCECUMMETPUYHBIN | [CacatennHOE 1.33/0,16
yhpyroii cpeze DIIEMEHT HaTPsKEHHE
(BHYTp./BHEILL.)
PagnansHoe 1,25
nepeMenieHme
3 Hunuuapuueckoe 1) 4-x y31moBOH Pannyc 30HbI1 2,94
OTBEpCTHE B YETBIPEXYTOJIGHBIN | TEKY4eCTH
OEeCKOHEUHOM AIIEMEHT TUIOCKOM
cpene Mopa- nedopmManuu
Kynona 4-X y310BOM 4,15
YETBIPEX YT OJIbHBIN
0CECUMMETPUYHBIN
DJIEMEHT
8-Mu y3110BO 2,94
TeKcadIp
4 O6nenka Tounens | (1) 4-x y31moBoH [IpuBenennoe 0,27 /7,37
KPYTJIOTO CEYCHHUS YETBIPEXYTOJIGHBIN | paguaibHOe Tepe-
B YIIPYTOii cpejie ¢ sjeMeHT IwIockoil | memenue (0°/90°)
AQHU3aTPOITHBIMH edopMaru
R Aegopman [IpuBenennoe 0,46
HANPSDKEHUSIMU

KacaTeabpHOE Tepe-
menienue (45°)
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[IpuBeneHHOE 1,24 /0,51/
MIPOAOJIBHOE 1,08
yCUIIHe

(0°/45°/90°)

[TpuBencHHbIC 14,87/0/
A3rudaroIue Mo- 14,97
MEHTBI

(0°/45°/90°)

5 | Kecrkwuit 1) 6-TH y31m0BOIA Harpyska Ha 0,85
JIEHTOYHBIN TPEYTroJIbHBIN dbyngameHT
byHaaMeHT Ha AJIEMEHT IUIOCKOMN
YIIPyroM nedopmanuu
OCHOBAHUU

6 | Jlenrounas 1) 6-TH y3110BOM Ocajxka 7,4
Harpyska Ha TPEYrOJIbHBIN
yIPyroM DJIEMEHT TUIOCKOU
OCHOBaHUU nedopmanuu
['ubcona

7 | Kpyrusrii (1), (3) 4-X y310BOM Ocanxka 7,4
}yHzameHT Ha YETBIPEXYTOJIBHBIN | JTapieHne mox 11,37-21,83
yIPYyroM OCECHUMMETPUUHBIH | 1010m1BO# (pasmep
HOJIyIIPOCTPAHCTBE DJIEMEHT mozemu 40x40m)

JlaBrienue o 5,79-15,72
HIOJIONIBOM (pa3mep
mozenu 80x80m)

8 | JlenTounsie 1) 8-Mu y31oBoOIif Pazpymraromas 0,5
byHIaMEHTHI Ha YeTBIPEXYTOJIbHBIA | Harpy3ka
ynpyro- 3JIEMEHT IUIOCKOH
IIJIACTUYECKOM nedopManun
OCHOBaHHUU 20-tu y3110BO# 0,31
(monens Mopa- rexcajip
Kynona)

Kpyrnsie 8-M1 y3710BO 5,23
byHIaMEeHTHI Ha 0CECUMMETPHYHBIN

ynpyro- YeThIPEXyTOIbHBIH

TUTACTHYECKOM DIIEMEHT

OCHOBaHHU 20-Ttu y3710BO# 5,08
(monens Mopa- reKkcasap

Kynona)

10 | I'mankwuii (1) 20-tn y31moBO# Pazpymaromas CooTBeTcTBYET
KBaJIpaTHBIN reKcalip Harpyska AQHAIUTHU-
byHIaMeHT Ha YECKUM
yIpyro- rpaHUIaM
TUTACTHYECKOM
OCHOBaHUU

(momens Mopa-
Kynona - qis
CBSI3HOTO TPYHTA
MIpU OTCYTCTBUU
TPEHMS])
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12 | Orkormka ¢ (2) 8-Mu y3710BOiH ITpomonbHOE 6,05
pUMEHEHHEM reKcasip YCHIIAE B PaCIOpKe
pacropok

(1) - cpaBHEHHE C aHATUTHYECKUM PEIICHUEM

(2) - cpaBHenue ¢ anprepHaTuBHBIMU [1C

(3) - B mpuMepe aHAM3UPYETCS CXOAUMOCTH PEIIEHHUS B 3aBUCMOCTH OT pa3Mepa CETKH

Ta6muma 12.ITpumepst uz MIDAS GTS verification manual. Marpuria Bepudukarmu
No2. Tunwet 6epuguyuposannvix KOHEUHbIX INEMEHMO8
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JIuneiinas crtatuka 56 1,4 - 1,2, 7 - 12 -
Henuueiinas cratuka - 3 8 3 8 3 8, 10

Ta6nuna 13.7Ipumepsbl, npednosicernnvie IKcnepmamu U KOMAHOOU sepugurayuu.
Martpuna Bepudukannu Ne3

Tun
HaumenoBanue Koneunbie OuenunBaemblie | Ilorpemnocts,
Ne NPOBEPKHU o
TecTa 3J1eMeHThI napamMeTpbl Y0
pe3yJibTaToB
C . 5 . MakcumanbHoe
. TaTHYECKHUH 00 angHBIHV HOPMATEHOE 0,066
pacteT WapHUPHO 1), (2 M3rudaempIit HATPKCHHE
OTepTOM OaJIKN AJIEMEHT
[Tepemerienue 0,291
Nzrubarommii
Cratnueckuii 3-X ¥ 6-TH y3710BOH MOMeHT Mx 0,18-9,77
acyer TPEYTOJIbHBIN -
P . peyr . N3rubaromumii
MPSIMOYTOJIBHOU N3rubaeMblii 1,58-10,71
MOMeHT My
2 IIJJACTUHKH, TPU 1) anemeHT (PLATE),
Kpast KOTOpOi 4-x 1 8-Mu y3n0Boii | P'€aKTHBHAA CHIIA 4,18 - 15,08
3aIEMJICHBI, YETHIPEXyTOJIbHBIN VX
YeTBEPTHIN U3rudaeMbIit PeaxTusHas cuna 9,19 - 13,07
CBOOOIEH snement (PLATE) Vy
[lepemenienue 12,93 - 13,67
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MaxkcumanbHbIA
auaIbHBINA
pa ! 0,67
M3TrUOaroIINA
MOMEHT Mr
Cratmaeckuit 4-x y310BOM MaxkcumanbHbIH
. YETHIPEXYTOJIbHBIM | TAHTE€HIIMATILHBIN
pacyeT KoJbLEeBOH 1) PEXYTOTIbH 1 N 4,25
UACTHHEL n3rndaemMblit 53N 5 (871010105054
3JEMEHT MoMmeHT MO
Ilepememienue
nporud) Ha
BHYTPEHHEM
KOHTYpe
. KacarenbHoe
Hunuaapudeckoe 4-X y31moBOM HATPSKEHNE B
OTBEpCTHE B YETHIPEXyTOJIbHBIH
p . 1) pexyT . | 3aBHCHMOCTH OT 1.38-12.7
OecKOHEeYHOU AJIEMEHT IUIOCKOM
. KO3 pUIeHTa
YIpyToii cpese nedopmanuu Myaccoma
4-X y3110BOI ocajika 4.5-10.5
Kpyribrit TETPAdIP, KECTKUE | HANPSIKEHUE MO/ 2857
byHIaMeHT Ha CBSI3HU. IO IOIBOM T
ynpyrom (1) 10-m y3110BO¥ ocazika 2.6-4.9
MOJTYTIPOCTPAHCTBE. TeTpas/p, KECTKHE
HaANPSDKEHUE 1T
KonTakTHas 3amaya. CBS3M.IKECTKIE arpsKe eu oA 2857
CBSIBIL MOJIOIIBOM
4-x u 10-tu
MonaenupoBanne Y3JIOBOM TETpa’p, IIpenenbHoE
UCIIBITAaHUA Ha - 4-x 1 8-MU y37I0BO#l | BepTHUKaJIbHOE 0,1
TPEXOCHOE CXKATUE KD nnockoii HaIpsHKEHUE
nedopMaluu
MopaenupoBanue A-x V3IOBOIL
WCTIBITAHUS HA Y CnBurosoe
. (1) TETPadP, KECTKHUE 4,3
OJTHOTTOCKOCTHOM B yCHIIe
cpes
Onpenenenue AKTHBHOE 8738
AKTUBHOTO U 8-mu y3noBoit KO JIaBJICHUE o
MACCUBHOTO 1) TUTOCKOM IaccHBHoe
JABJIEHUS TPYHTA Ha nedopmaruu J— 0.1-12.9
MIOITIOPHYIO CTEHKY
3-X ¥ 6-TH y3JIOBBIC
TPEYTOIbHBIE
Pacuer AJIEMEHTBI TTOCKOM
. epopmanuu, 4-x [Ipenenvnas
YCTOWIHBOCTH 4) Achopmar, el 11,1-27,8
" 8-MH Y3JIOBbIE BBICOTA OTBAJIA
HACBITTH

YETBIPEXYTOJIbHBIE
3IIEMEHTHI TLUIOCKOM

nedopMaluu
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Pacmmmpenue
LWJIMHIPUYECKON 4-x y310BOM [IpuBenennoe
CKBa)KUHBI B YeThIPEXyrOJIbHBIH nepeMenieHue
10 (1) pexyr ¥ pemetit 12,35
yIpyTo- AJIEMEHT TUIOCKOM CTCHKU
MJIACTUYECKOM nedopManuu CKBa)KUHBI
cpene
Yupyroe
paguaibHOE Of 0,02-61,34
HarpsHKeHHE
4-X 1 8-MM y3J10BOM Ympyroe
[lnactudeckoe YeTHIPEXyrOBHBIN TaHreHuHaanote 0,02 - 4,97
11 HArpyXeHUE 1), (3) ocecummerprunbiii | (KOTBIEBOE) G
TOJCTOCTEHHOTO ; 3JIEMEHT, 8-MH U HalPsKCHAC
MATUHAPA 20-Tu y3mnoBou Hauboinsiiee
reKca’ip KacaTeJbHOE
HaNPsOKEHUE TI0
P 0,00 - 6,38
Teopuu
IPOYHOCTH
Tpecka tmax
Cratuueckuii 6-Tu y31moBoii MakcHMAILHEL
pacuer TPCYTOJIbHBIN M3THOAOIINH 35,33/26,21
1o | TPAMOYTONBHO B 2) MJIaCTUHYATHIN MOMenT M
IJIaHe 3JIEMEHT IUIOCKOU
. . MakcumaiibHOE
(dyH1aMeHTHOI I[e(i)OpM%LII/II/I, 10-tu A 2.6/0,15
TUTATHI y3JI0BOM TETPAdAp PEMCII
MakcumaibHbIi
HA3ruOaronni 97
MOMEHT BJOJIb '
. 8-Mu y31moBoii
Craruveckuii Y TUTATBI
OKTasp, 4-x =
pacuer KapKacHO- y3TOBOI MakcumanbHbII
MOHOJHUTHOTO . M3TUOArOIINIA
13 (2) TUTACTUHYATHIN
3/1aHUs Ha YOPYro- MOMEHT IOoNepeK 4,4
JJIEMEHT,
MIACTUYECKOM . TUTUTHL M,
CTEPIKHEBOM
OCHOBAaHUU . kH-M/Mm
0aOYHBIN PJIEMEHT
MakcumaibHOE 12
nepemerenne U ’
oU 14
4-X y3710BOM
TeTpa’ap, 10-mMu
Y3JI0BOU IeKcasap,
4-X yroiabHbIN
MopenupoBanue uHTepeiCHbIHI Tpaduk
UCTIBITAHUS CBaW Ha JJICMEHT, " P
14 4) . Harpyska- -
BEPTHKATHHYIO CTEPIKHEBOM ocanka"
Harpy3Ky OaJIOYHBII JIEMEHT,
CIIelIUaIbHbIN
nHTEp(HEUCHBIN

arieMeHT cBaw (pile
element)
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OcecuMMeTpUYHBII
3-X y370BOH
Y I'padux
JJIEMEHT, "
(2) oy Harpyska- -
uHTepeiCHbIA 2-X "
o . ocajka
Y3JI0¥ OJTHOMEPHBIT
JJIEMEHT.
10-tm y3moBoit I'padux
. TETpa’, "Harpy3ka- -
KoMOuHMpOBaHHBIIH P Ilp,v Py "
oo CTEPIKHEBOIA, ocajka
CBaIHBIH .
A —— OaJIOYHbII
15 yHAY p 4) JJIEMEHT, .
JeHCTBUN . MaxkcumanbHbIT
. CHeIHAaTbHBIHN .
TOPU30HTAIBLHOMN . . U3ru0aroni 40-2.7
CBAIfHBIH
Harpy3KH N MOMEHT B CBae
uHTepeHCHBIHI
AJIIEMEHT
[TnacTrueckoe 8-Mu y3110BOM
HarpyxeHue Oanku YEThIPEX YT OJIbHBIN JliHa 30HEI
16 Py 1) pexyr . IUTACTHYECKUX 3,23
IPSIMOYTOJIBHOTO AJIEMEHT IIOCKOM .
nedopmariuit
CCUCHMSI nedopmanuu
(1) | - cpaBHEHHUE C AHATUTHYECKAM PEIICHUEM
(2) | - cpaBHenue ¢ anbrepHaTHBHBIMU [1C
(3) | - B mpuMepe aHATM3UPYETCS CXOAMMOCTD PEIICHHS B 3aBUCHMOCTH OT pa3Mepa CeTKH
4) - JAHHBIC U3 JIUTEPATYPHBIX HCTOYHUKOB

Ta6mumna 14./Ipumepnl, npeonosicentvie sKkcnepmamu U KOMAHOOU sepugurxayui.

Martpuua Bepudukanuu Ne4. Tunvi sepudpuyupo8antbvix KOHEUHbIX 21eMEHMO8

-X y3J'IOBOI71 TPEYTOJIbHBIN

3
DJIEMEHT IIJIOCKOU 1€

v

dbopmanu
-TH Y3JIOBOW TPEYTOJIbHBIHI

6
DJIEMEHT IIJIOCKOU 1€

dbopmanu

BbIA

BIN
dbopmaruun

i neopmanmm

v

-MH Y3JIOBOH YETHIPEXYTOJIbH

-X Y3JIOBOM YETHIPEXYTOJIbH

DJICMCHT IIJIOCKOU €
DJICMEHT IIJIOCKOU €

4
8

v
v

v

-X Y3JIOBOU TPEYTOJbHBIH

3
nsrubaemsrii sement (PLATE)

6-TH y3710BO# TPEYTONbHBIN
usrubaembiii aement (PLATE)

JInneiinasg craTuka

N
N

Henunelinas cratuka

9,12,6 | 9,16,6,8

=
N

Pacuerts! Ha
YCTONYUBOCTh

9 9
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dreedior yogorek x-y

6,7,

14

(@) 1Homarre yI9HOUIPAILH]

14,15

(ar) 1Homare HI9HONAPAILH]]

14

(3711d) LHOWOIE HI9HKRE))

LHOWAIr€ HOgoHXdIL)d
HI9INOBQUIEH UITHROILR]

13,14 | 14,15

LHOWOIf€ UIIHhUALOWINHIS00
UI9HAI0JIAXIdI9IOR HOEOLEA UN-Q

11

dreeoxoa nogored ui-gz

11

LHOWOIF€ UI9HhUALOWINHIII0
UI9HIII0IAXJdI910R HOEOLEA X-1

11

LHOWQIr€ HI9HhUALOWNHMO900
UI9HAIr0IAdL yodorrek ui-g

dreeoxoa nogoreA MnW-g

11,13,14

LHOWQIr€ UI9HRhUAILOWNHIID0
UI9HAI0JIAddL Hodorek X-g

14

UEKED QUHHOAOLOOHI()

8

(ALV1d) LHOWAL'€ UITNOBQUIEU
UI9HII0IAXdI9IOR HOEOLeEA UN-8

HEKED SUDILONK

(ALV1d) LHOWII'€ HIINOBQUIEN
UI9HIII0IAX9dI910R HOGOLEA X-1

2,3

13

dreedriaor nogorek ui-of

6,
15,12

JInnetinas

CcTaThKa
Henuneiinas

CTaTHKa
Pacuetrl Ha

YCTOMYUBOCTh

JInneiinas

CTaTHuKa

Henuneiinasg

CTaTuKa

PacueTs! Ha

YCTONYUBOCTD
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7 Onucanue Bepu(PpuKANMOHHBIX IPUMEPOB
Kak yxe OBUIO OTMEYEHO BBIIE B paMKax BepuPUKAIUA OBUTA TaKKe
PacCMOTPEHBI IPUMEPHI, MPEJCTaBICHHBIE caMiUMK pa3padoTunkamu [1K:
1) Lununopuueckoe omeepcmue 8 6ECKOHEUHOU YNpy2oil cpede
2) Cehepuueckas nonocmv 6 OeCKOHEUHOU YNPYeoll cpeoe
3) Hununopuueckoe omeepcmue 6 beckoneunou cpede Mopa-Kynona
4) Oboenxka mounens Kpyeio2o cedenus 8 ynpyeou cpede ¢ aAHU30MpPONHbIMU
HanpsHCceHUAMU
5) JKecmxuti nenmounvlii (hyHOaMeHm Ha Ynpy2om OCHOBAHUU
6) Jlenmounas nacpysxa na ynpyeom ochoganuu I ubcona
7) Kpyenvlii hynoamenm na ynpyeom noiynpocmpancmee
8) Jlenmounvie u Kpyenvle hynoamenmol Ha YNPy2o-niacmudeckom 0CHOBAHUU
(mooenv Mopa-Kynona)
9) [maokuii keadpammuwlii (YHOAMEHM HA YNPY2O-NIACMUYECKOM OCHOBAHUU
(mooenv Mopa-Kynoua - 015 c6s131020 epyHma npu omcymcmeuu mpeHust)
10) Omxkonka ¢ npumenenuem pacnopok
XapaktepHasi 0COOCHHOCTh ITHX MPUMEPOB 3aKIIOYAETCS B TOM, YTO B KayeCTBE
ATAJIOHHOTO PEIICHHUsI PACCMATPUBAETCS CTPOTOE TEOPETHIECKOE PElIeHUE, TPU3HAHHOE
HAay4YHBIM COOOIIECTBOM [0 MEXAHHUKE TPYHTOB U TEOPUH CIUIOIIHBIX Cpel, OJHAKO
JAaHHBIC PEIICHHS peaTn30BaHbl I Ciydas YOpyroil paboThl (MIeadbHO yIpyras
CTaaus) Marepuana WIH Uil Cioydas, KOTJa MaTepuaj HaxXOAHWTCS B YCIOBHUSIX
MIPEACIBHOTO PABHOBECHUS TOJI JEUCTBYIOIIEH HArpy3koil (IOJHOCTBIO TIIacTHYECKas
ctanus). Kak n3BecTHO OCHOBHas paboTa rpyHTOBOTO MacCHMBa B OOJIBIITMHCTBE CITy4acB
CTPOUTEIHLHOW TPAKTUKN HAXOIUTCA B YIpyro-tuiactuueckoi craauu. Ctporux
TEOPETHUECKUX PEIICHUN Il ITUX CIIy4aeB MPAKTHYECKH HET, 3a HCKIIOUYCHHUEM
HEKOTOPBIX YaCTHBIX, HANpUMEp, KPYIJIO€ OTBEPCTHE B OCCKOHEYHOW YIIPYTro-
mactuueckoit cpene Mopa-Kynona (mpumep 3).
Pemenue ynpyrux 3agad ¢ ucnoiab3oBanneM MKD He BBI3bIBA€T BEIYUCIUTEIIBHBIX

TPYAHOCTEH U MO3BOJISIET JOCTATOYHO TOYHO OLIEHUTHh PaOOTy OCHOBHBIX QJITOPUTMOB
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MKD, 3anoxennsix B [IK, myreM cpaBHEHUs! pe3ybTaTOB C KJIACCUYECKUMU CTPOTUMU
AHATUTHYECKUMU PELICHUAMH TEOPUH YIIPYrocTH (mpumepsl 1,2,4,5,6,7).

Nuaue nemo obctout ¢ mosryduerrem pereHuss MKD korja 3amada 3akirodaercs B
omnpenenennu npeaensHoro HJAC cocrosaust (mpumeps 8,9). AHATUTHYECKOE PEIICHUES
M3HAYaJIbHO pAacCMaTpUBaET NPENEIbHOE COCTOSIHUE, a IMpoIecC IepexoJa B 3TO
COCTOSIHME HE paccMarpuBaerca. B cilydae 4YMCIEHHOro peIlleHHs, paccMaTpUBAaETCs
BECh Mpouecc (poCT Harpy3Ku) KOrja CUCTeMa IPOXOJUT IyTh OT MOJIHOCTBIO YIIPYTOTO
COCTOSIHHSL K TIOJIHOCTBIO IUIACTUHYHOMY COCTOSIHHIO (COCTOSIHHIO —IPEAEIBHOTO
paBHOBECHUS), YTO SIBJISIETCS CJIOKHBIM MCIIBITAHUEM [ HETMHEWHOTO periarens (.
5.3.2 HACTOSAIIETO OTYETA) M ANTOPUTMA MOJYUCHHUS YMPYTO-TIACTHIECKOTO PEIICHUS
(1. 5.2 HacrosIIero OTYETA).

[Tocnennuii mpumep 10 oTauyaeTcss OT OCTaNIbHBIX TEM, UYTO B KauyecTBE
ATAJIOHHOTO  PEIICHUS  WCIOJB3YIOTCS  PE3YyNbTaThl  BBIYUCICHUN  TOJHOCTHIO
aHanornyHord 3amaun B gApyrom IIK, taxxe peamsyromem MKD. CoBnanenue
pEe3yNbTaTOB pacdeTa HE MOXET CIY)XUTh aOCONMIOTHBIM KPUTEPHEM TOYHOCTH
MOJIYYCHHBIX PE3YJIBTATOB, OJHAKO ATO TapaHTHUPYET TO, UTO AITOPUTMBI 3JI0KCHHBIC B
perieHn paboTarT BEPHO, YTO TAKIKE HE MAJIOBAXKHO ISl BEPUPUKAIIIH.

HaunGonpmmii wHTEpEC MPEACTaBISAIOT TMPUMEPHI, MPEAJIOKCHHBIC dKCIIepTaMu 1
COCTaBUTEJISIMM OTYETAa. IJTAJOHHBIMU PEIIEHUSMHU 3/1eCh SBISUIUCh HE TOJIBKO
TEOPETHUECKHE HO W PE3YNbTaThl HATYPHBIX UCTBbITAaHUH, pemenus apyrux [1IK B Tom
yrcne u pemenne ANSYS. Tlpu 3Tom oco6oe BHUMaHHE YIAEISIIOCh aHAIN3Y TOYHOCTH
B 3aBUCUMOCTH OT KpymHocTH KD ceTku, a Takke TUIOB (TOIMOJIOTHH) MPUMEHSIMbBIX
AJIEMEHTOB.

Cnmcok pacCMOTPEHHBIX MPUMEPOB TIPEICTABIICH HUXKE.

1) Cmamuueckuil pacuem wapHupHo onepmoil 6aniKu

2) Cmamuueckuii paciem npsamMoy2olbHOU NIACMUHKU, MPU KpAs KOMOpoll
3auiemiieHvl, Yemeepmoiii c60000eH

3) Cmamuueckuil pacuem KoJIbyesoU NAACMUHbL

4) Hununopuueckoe omsepcmue 6 6ECKOHEUHOU YNpyeoll cpeoe
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5) Kpyenvui ¢hynoamenm na ynpyeom noaynpocmpancmee. Kowmaxmuas
3aoaua.

6) Moodenuposanue uchvlmarnus Ha MPeXoOCHOe Cxcamue

7) Mooenuposanue ucnolmanusi Ha 0OHONJIOCKOCMHOU Cpe3

8) Ompedenenue axmusnoeo u naccusHo2o O0asieHUs SPYHMA HA NOONOPHYIO
CMEHKY

9) Pacuem ycmouuusocmu Hacvinu

10) Pacwupenue yurunopuueckou CKEAMNCUHbL 8 YRPY2O-NAACIMUYECKOU cpede

11) ITnacmuueckoe naecpysicenue moicmoCcmeHHO20 YUIUHOPA

12) Cmamuueckuii pacuem npsmoy2onvHoll 6 niane QyHOAMEeHMHOU NIUNnbl

13) Cmamuueckuti pacuem KapKACHO-MOHOIUMHO20 30AHUSL HA  YNpPYeo-
NIACMUYeCKoM OCHOBAHUU

14) Mooenuposanue ucnoimanus céau Ha 6ePMUKAIbHYIO HASPY3KY

15) Kombunuposanmwiii ceatinwblii (hyHOAMEHM NPU Oeticmeul 20pU30HMAIbHOU
Haepy3Ku

16) ITnacmuueckoe Hacpyoicenue 6AIKU NPIMOY2OIbHO2O CeHeHUs!

B pemenun mmpokoro Kkpyra reOTeXHHUECKUX 3a7a4 OJHUM M3 Ba)KHBIX BOIIPOCOB
SABJISIETCS. HE TOJBKO mnopeneneHue akrtyanbHoro HJIC rpyHTOBOrO MaccuBa, HO U
ONPENECICHNUS] BHYTPEHHUX YCWIMM W IMEPEMEIICHUN KOHCTPYKLMH, HEKOTOPHIM
o0pa3oM B3auUMOJAEHCTBYIOLMX ¢ ocHOBaHueM. [loatomy nepevie 3 npumepa (ipumepsl
1,2,3) mocBsiieHbl aHATU3Y CTATHYECKOTO pacdyeTa KOHCTPYKIUN, a UMEHHO OAJIOUHBIX
1 000JI0UEYHBIX AJIEMEHTOB, UCTIOJIB3YEMbIX TIPU MOJICTUPOBAHMS (YHIAMEHTHBIX TUIAT
c OanouyHOil U 0e30aM0YHON CXEeMbl, THOKMX OTPaXAAIOIINX KOHCTPYKIUM, 00J1eT0K
TOHHEJEHN U T.[I.

B uemsepmom npumepe paccmaTpuBaeTcsi 4yBCTBUTEIBHOCTh pemieHuss MKD k
kodpdunmenty IlyaccoHa, B TO BpeMs KaKk B AHAIMUTHYECKOM PCIICHUM 3HAYCHUS
HaIPSOKCHUH HE 3aBUCAT OT 3TOro koddduiirenra.

B namom npumepe paccMOTpeHO NpsIMOE HArpy>XKeHUe Kpyrioro (yHIaMeHTa Ha
yOpPYyroM TMOJYNPOCTPAHCTBE C AaHAJIM30M TOYHOCTH B 3aBUCUMOCTH OT THUIIA

TPEXMEPHBIX 3JIEMEHTOB.
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Crnenyromue npuMepsl yKe Kacajauch YINPro-riacTUYeCKUX MoOJeleil MaTepuana
(Mmomemu Mopa-Kynona, JIpykkepa-IIparepa).

Lllecmoti npumep siBIsieTCS HanOOIEEe BAXKHBIM ISl BEpUPHUKAIIUU CAMUX MOJIEIe
rpyHTa. TecToBbIM puMep 3akitouaercs B onpeaenenun npeneiasnoro HAC B o6pasie
MATUHAPUYECKOH (OPMBI, W TOCICAYIOIICH IMOACTAHOBKON TIOMYyYEHHBIX TJIABHBIX
HaNpsDKEHU B ypaBHEHUS YCIOBHH TekyuecTu (Tabnuma 2). s JaHHOTO TECTOBOTO
IpuMepa HE HY>KHO ITAJOHHOE PEIICHUE TaK KaK pe3yJbTaThl (TJIABHBIE HANPSHKEHUS
IIpU pa3pylICeHUH), MOJYy4YEHHBIE MPU pacyeTe, C HCIOJIb30BAHUEM OIPEICISIONINX
ypaBHeHUN Mojenu (Tabnuia 2) TO3BOJISIIOT MIPOTECTUPOBATh pabOTy MOJAENIU
Marepualia B HaYaJIbHOW CTaJNM MIACTUYECKOTO TCUCHHUS.

Ceobmoul npumep MOACIUPYET UCTIBITAHUSI 00pasiia TPyHTAa HAa OJHOILIOCKOCTHOM
cpe3. B pesynbraTe BBIUMCICHHN I TPEX 3HAYEHUM BEPTHKAIBHOIO JABJICHUS
OMpeNeNsieTcsl CIBUIOBas Harpy3ka Ha oOpasel, NPUBOASAIIAS K pa3pylICHHIO.
[Ton0XHUTENBHBIM PE3YIBTATOM JIAHHOTO TECTa SBISETCS COOTBETCTBHE CIBUIOBOM
Harpy3ku CuJji€ CUEIUICHHS, BEIYUCIIsIEMON 1Mo u3BecTHOMY KyloHa ¢ uCHoiab30BaHUEM
MIPOYHOCTHBIX XapAKTEPUCTUK (C,(), M3HAYAIBHO 3aJI0KEHHBIX B PACUETHYIO MOJCIb.
HecMoTps Ha TO, 4TO IIIOCKOCTH MO KOTOPOU MPEIOJIAaraeTcs CABUT YKE 3aaHa CaMOU
reoMeTpuer Moaenu (CABUroBOro mpubopa), B o0Opa3le B OTIMYHUE OT TPEXOCHOTO
cxkatua Bo3HUKaeT cioxHoe HJIC, rae mmacThueckue 30HBI BBIXOJAT 33 PaMKHU
MMOBEPXHOCTU CABHUra U MO3TOMY AAHHBIA MPUMEP C BBIYUCIUTEIBHOM TOYKUA 3PEHUS
ABJISIETCS IOCTATOYHO CJIOKHOW 3a/1aueit Ui ynpyro-mjiacTUYecKOro pacuera.

Bocvmoii npumep ananornuen 6,9,10 mpumepy M3 ToMa 2, OJHAKO 3/IECh YyXKe
paccMaTpUBAETCs HE BEPTUKAJIBHO JTABJIEHUWE HA IITaMIl, & TOPU30OHTAILHOE JABJICHUE
ITPYHTa Ha MOJAMOPHYIO CTEHKY B 3aBUCUMOCTH OT €€ mnepeMeiieHuil. [lenpro nanHoro
npuMepa SBJSIETCA IOJYYEHUE TOPU3OHTAIBHOTO AAaBJIEHUS TPyHTAa B MPEICIbHOM
COCTOSIHUM U CPAaBHEHUE C W3BECTHBIMU 3aBUCUMOCTSMH OO0 aKTHBHOM U TMAaCCUBHOM
nasieHuu 1o Kynony.

Hanee (npumep 9) Ha npuUMepe HACHINIA, pacCMOTpeHHOM B kHure dDajaeeBa
A.Bb.[14], B OCHOBaHHMHM KOTOPOW UMEETCS] TOHKUMU CJIOM ¢J1aboro IpyHTa, BCECTOPOHHE

ObLTa pazoOpaHa 3ajjaya aHaIM3a YCTOMYMBOCTH IPYHTOBOI'O MAacCHMBAa. YUUTHIBas BCIO
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CIIOKHOCTh M M3BECTHYIO HEONPENEIECHHOCTh B JaHHOM BOIpPOCE, B KadyecTBE
"3TaNIOHHBIX" pelIeHU OB MPUHATHI JaHHBIC HATYPHBIX UCHBbITaHU# [14], pemenue
MKD ®aneeBa A.b u pemrenne @emoposckoro B.I'.[37].

10 npumep VHTEPECEH TEM, YTO UMEIOIIEECS AHATTUTUUECKOE PEILICHHUE BBIMOIHEHO
JU1s OECKOHEUHBIX rpaHull [15], B TO BpeMsi Kak KOHEYHO-3JIEMEHTHAsi MOJIETb BCEraa
KOHEYHa.

B 11 npumepe nns ocecummerpuyHoro u  mpoctpaHcTBeHHoro HJIC
paccMaTpuBaeTcsi BO3MOXKHOCTh HCIOJB30BaHUSI Mozenb rpyHTa Mopa-Kynona nms
OMKCAaHUS YNPYTOMJIACTUYECKOTO MOBEJAEHUSI CTajd MO TEOPUU MPOYHOCTU Tpecka-
CenBeHaHa. 3/1eCh TaKKe€ OTPAKEHO BIHMSHHE KPYMHOCTH CETKH W THUIIOB KOHEYHBIX
AJIEMEHTOB Ha TOUHOCTH PEIICHHUS.

Jlanee paccMaTpuBarOTCsl MPUMEPHI, KacarolIuecss PeaibHbIX 3a7a4 CTPOUTEIIbHON
NPaKTUKU. 371eCh JUIsl CPaBHEHHS B OCHOBHOM HCIOJIB3YIOTCS JIaHHBIE HATYpPHBIX
UCIIBITAaHUH WM YUCIIeHHBbIE pemienus npyrux [1K.

B  npumepax 12, 13 BbpIIOAHEH pacyeT (PyHOAMEHTHOM IUIUTHI Ha
YOPYTrOIUIACTUYECKOM ~ OCHOBAaHUH,  PE3ylbTaTbl  KOTOPOTO  CPaBHHUBAIOTCS  C
ananormyabiMu  pemeHusiMu B [IK PLAXIS u IIK ANSYS. Ilpu stom Takxke
OILICHMBAETCS BIMSHUE KPYIMHOCTH CETKU HA PE3yIbTaTHI.

B npumepe 14 nns cpaBHEHUsI UCTIOJB3YIOTCS KaK HAaTypHBIC UCHBITAHUS, TaK U
ynpyromiactuueckoe pemenue (MKD) JI. M. Illanupo [6]. IIpu monenupoBannu B I1K
MIDAS GTS paccMoTpeHbl pa3nWuHbIE BapHaHTBI 3aJaHUS CBad, a TakKke
npocTpaHcTBeHHOE U ocecummerpuuHoe HJIC.

s npumepa 15 UCNONB30BaHBI JAHHBIE HATYPHBIX HCHIBITAHUN CBAaWHOTO KycTa
Ha TOPU3OHTaIbHYIO Harpy3ky [20]. OcHOBHO# 3amadeil TECTOBOro mpuMepa ObLIO
CpaBHEHUE PACUETHOM IMIOPHI MOMEHTOB C (DAKTUIECKOM, 3aMEPEHHON MPY HUCIILITAHUH.
[Tpu 3TOM 3HAYUTENBHYIO HEOTPEICICHHOCTh B PE3yabTaThl pacueTa BHOCUT HAJIMYHE
POCTBEpPKA, POJIb KOTOPOTO B JAHHOW KOHCTPYKTHBHOM CXeMe TPYIHO M3MEpHUMa, YTO
JeNaeT JaHHYI 3a7ady C MPAKTHYECKOW TOYKH 3pEHHUS OCOOCHHO MOAXOMAIICH s

peuienus merogamu MKD.
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16 npumep TOKa3bIBAET BO3MOKXHOCTb HCHOJIb30BAaHHUS MOJEIU IUIOCKOM
nebopManii B COYETAaHWUM C  Mojenbio  Marepuana Mopa-Kymona  ms
YOPYTOILUIACTUYECKOTO pacuera Oaiakd WM OalKW-CTCHKH 10 TEOPHH TMPOYHOCTH
Tpecka. OCHOBHOE BHHUMAaHUE 3[1€Ch YAECIEHO YUCIEHHOMY OIPENECICHUIO MPEIETbHOM
PaBHOMEPHO-PACTPEACICHHON HAarpy3Kd U COOTBETCTBYIOIIECH €€ 30HE IUIACTUYECKOTO
TEUEHUs1, KOTOPBIC TAK)KE MOYKHO TIOJIYYHTh aHATUTHYCCKUM ImyTeM [21].

8 Pe3yabTaThl Bepudukanumn

[lenbro pacuera TEOTEXHUYECKUMX 3aJad SIBIIETCA ONPEACICHUE CIEAYIOIMINX
napaMeTpoB:

KOMIIOHEHTOB HaIPs>KEHUI B TPYHTOBOM MACCHUBE;

KOMITOHEHTOB MepeMeIeHU 1 AedopMalifii TpyHTOBOTO MacCHBa;

pa3MepoOB 30H MPEAECIBHOTO COCTOSHUS,

BHYTPEHHHMX YCUJIUN B KOHCTPYKIUAX B3aUMOJICUCTBYIOIIUX C OCHOBAaHUEM,;

kod(pduireHTa 3amaca yCTOWYMBOCTH CUCTEMBI "'COOPYKEHUE-TPYHT".

IIpy sTOM B paMmkax [aHHOM BepHU(PUKALUH HE pPACCMATPUBAIMCH 3a/layH,
BKJTIOYAIOIIME HEOOXOIUMOCTb ONPEACIICHUS TIOPOBOTO JAABJICHUS BOJIbI B TPYHTE.

[TonoXuTenbHBIM PE3YNHTATOM BepUDUKAIIMU B IIEJIOM SIBIISETCS COOTBETCTBHE
pacUeTHBIX MapaMETPOB 3HAYEHUAM 'DTAJOHHOIO pEIICHUA" ¢  JOMYyCTUMOMU
MOTrpeIHOCTHIO. [lorpenHoCTh onpenensercs MyTeM CpaBHEHUS PE3YIbTATOB pacuera ¢
"3TaNOHHBIMU" pEIIeHUsIMU 110 hOopMYyIIE:

5 === 100%,

B

rae A - pacueTHas Benu4yuHa, B - BenuunHa "3TanioHHOT0" perieHus.

Onnako,  y4yuThIBasi  HEKOTOpYyH  chnenuduky  3aaad  TEeOTEXHUKU U
(GyHIaMEHTOCTPOCHHUS, KOJIMYECTBO ITAJOHHBIX PEIICHUN, COOTBETCTBYIOIINX TOYHBIM
pelIeHrusIM BEChbMa HE BEJIMKO M HE TMOKPBHIBAET OCHOBHOTO 0O0BEMa MPAKTUUYECKHUX
3a/1a4, pellaeMbIX CErOAHs ¢ MCIOJIb30BaHHEM IMpoleayp u anroputMoB MKD. Ilpu
ATOM OOJBIITMHCTBO AHATUTHYECKUX PEIICHUN BBIMOJHEHO TaKKEe C OIpPEIACICHHBIMU
JTOMYIICHUSIMA UM TIPEANOJOKECHUSIMH, KOTOpPbIE OKa3bIBAIOTCA HE HYXXHBI MpHU
noydeHuu perieHuss B MKD, d9To cOOTBETCTBEHHO naeT Oosee TOYHBIA pe3yJbTar,

4EM HCKOTOPLBIC CTPOIUC aHAJIUTHYCCKUC PCUHICHMA. HOBTOMy JaKC B YIIPYTHUX 3aJladax
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OTKJIOHEHMsI 3HaueHuil Oonee 5-10 % oxumaeMo BBHUAY pa3iMYHBIX I[TOCTAHOBOK
(Hammpumep, OOJBIIMHCTBO YOPYTUX 3a]ad periaercs B HanpsoKkeHusx, a MKD pemraer B
MEepEMENICHUAX), a TaKXKe TpaHUYHbIX YycioBHil. B cimydae pemenust 3ajaad,
HOJPa3yMEBAIOIINX IIJIACTUYECKOE TEUYEHUE, COMOCTAaBUMBIX pE3YJIbTaTOB (UMEETCs
BBHUJIy CONOCTABUMBIX C aHAJUTUYECKUMHU PEUICHUSIMU) MOXHO 0XKHMJATh HA TPAHULAX
COCTOSIHMS MaTepuaia (IOJHOCThIO yIpyras padoTa WK MOJTHOCTBIO IJIACTUYHAs), IPU
ATOM TOYHOCTb Takxke Konedsercs B pamkax 5-10 %.

Yro kacaercs NpOMEXYTOYHOTO COCTOSIHUSI Marepuaina (ynpyro-rjacTU4ecKoro),
aJICKBATHBIC PE3YyJbTaThl CONOCTABJICHMS MOXHO IOJYYUTh JIMIIb IPHU CPABHEHUU C
anprepHaTuBHbIMM [IK wmnm ¢ HaTypHBIMH [OaHHBIMM, XOTSI 3TO M OCJOXKHEHO
ONPENEIICHUEM U IIOCIECAYIOIIMM BBOJAOM B MATEMaTUYECKYH) MOJEIb PACYETHBIX
[IapaMeTpoB  (XapakTEPUCTUK TIPyHTAa), COOTBETCTBYIOUIMX TPYHTY HaTypHOTO
VCTIBITAHMS.

Taxum oOpa3om, yuuThiBasi BbILIECKa3aHHOE, olleHKa paboThl IIK He mMoxeT nana
TOJIBKO JIMIIb Ha OCHOBE aHajau3a IMOIPEIIHOCTEH. BOIpIIyl0 poiib UIpacT JIUYHOE
MHEHHE HE3aBUCHMBIX DJKCIEPTOB, SBISIOMMECS aBTOPAMH TEOPETUYECKUX U
YUCJIEHHBIX PEIIeHUH psa 3aJa4 MEXaHUKH TPYHTOB OCHOBaHMM M (DyHIaMEHTOB , a
Takxke pazpadoTurikamu coOctBeHHbIX 1K, peanmsyronux amroputmsl MKD u ap.

YU CJICHHBIX MCTOAOB.
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9 IIpoekT cBuaereabcTBa PAACH o Bepuduxanuu [IK MIDAS GTS

HPUJIOXKEHHUE K CBUIETEJIBCTBY O BEPUPUKALIUU IIC
Ne 01/ MIDAS GTS/2012

Bo03M0KHOCTH KOMILIEKCA, IOATBEPKACHHbIC BepupuKanuen

Midas GTS —mporpaMMHbIii KOMIUIEKC, PEAU3YIOUIMA METOJ KOHEYHBIX DJICMEHTOB IS
pelieHus 3a1a4 B 00J1aCTH pacyeTa OCHOBaHUM, (YHJAMEHTOB U MOJI3EMHBIX COOPYKEHUI.

Buowt mooenupyemuvix coopyicenuii, cmpoumenbHvlX KOHCMPYKYUii, cpeo

[IpocTpaHcTBeHHBIE, KOMOWHUPOBAaHHBIC (CHCTEMAa COOPYKEHHUE-OCHOBAHUE U3 PA3IUYHBIX
MaTepuaIoB-CpeN), BKIIOYAs:

— MO/I3€MHBIE COOPYKEHUS;

— IPYHTOBOE OCHOBAHHE;

— (yHIaMEHTBI 3JaHUI U COOPYKEHUIA.

I'panuunvie (kpaeswvie) ycnosus
3aaHHbIC TIEpEMENICHUS 1 KHHEMATHYEeCKUE CBSA3HU TPYIIN Y3JI0B

Hazpy3xku u eo30eiicmeus
— CTaTU4YecKue 00bEeMHbIE, TOBEPXHOCTHBIE, IMHEHHBIC U Y3JIOBbIE CHUJIBI 1 MOMEHTBI

Tunwl pewiaemuix 3a0au (6udbl pacuemos)

Cmamuuecxuii pacuem (Static Stress Analysis)

— JIuneiinsrii (Linear static stress analysis);

— Henuneitnplii ynpyruii u ynpyro miactuueckuit ananus (Nonlinear elastic & elasto-plastic
analysis);

Pacuemut kosppuyuenma 3anaca ycmouuugocmu

— Mertoa cHMKEHHS TIPOYHOCTHBIX XapakTepuctuk (Strength reduction method)

Henuneiinvie gpaxmopoi
- (pu3myeckass HEMMHEHHOCTh B paMKaX PaCCMOTPEHHBIX MOJIee MaTepuana

Mooenu nosedenus mamepuanos

— JIMHEHHO-yIpyrast MOJIENb;

— ynpyro-mactuueckas Mmojaens Mopa-Kyinona,

— ynpyro-miactudeckas moaens pykkepa-IIparepa.

Memoowt pewrenusa (pacuema)

MeTto KOHEYHBIX JJIEMEHTOB B mepeMemeHusx mis 3amad  ompenenenus HIC ¢
npencraBuTenbHON Onbarorekoit KO, Brmtovaromuii 3 pekTrBHBIE «pemarenn» 0oJbliepa3MepHbIX
CTaTUYECKUX JTMHEHWHBIX U HEJTMHEWHBIX 3a/1a4:

= Memoobl peuwienusn cucmemvl JTUHEUHBIX anzeopauueckux ypasenenuii (CJIIAY) -
MYJIbTU(GPOHTAIBHBIN peIIaTesb;
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»  Henuneitnvte pemamenu - Meton Hetotona-Padcona (Newton-Raphson method) ¢
BO3MOYKHOCTBIO aBTOMATUYECKOTO 3a/IaHus I1ara Harpy3Ku.

Habop eepughuyuposannvix KoHeuHwvIX 3J1eMEHM 08

N3 6ubnmoreku mnpOrpaMMHOrO KOMILIEKCAa BepU(MULMPOBAHBI CJIEAYIOUINE AJIEMEHTHI
(cMm.MaTpuibl Bepudukauu (coctaBHas 4acTh BepU(PUKAIIMOHHOTO OTYETa), BKIIIOYasi OJHO-, ABYX- U
TpexmepHbie KO, a Takxke ux nomyctumbie KomOMHanmu B oqHoi K3-monenu:

A) TpexmepHvie dnemenmvl Oasi MOOEIUPOBAHUA NOBEOEHUs 2PYHMA U MACCUBHBIX
KOHCMPYKYULL

4 - X y3JI0BOM TETpadIp;

8 - MU y3710BOI1 rekca’p;

10 - Tu y370BO# TETpas’aAp;

20 - T y37I0BO# TeKcadIp;

b) /lsymepnuie snemernmol 011 MOOEAUPOBAHUS NOBEOCHUS 2PYHMA

DNeMeHTHI TIOCKOH ehopMaluu 1 OCECUMMETPUYHBIC DJIIEMEHTHI:

3-X y3JI0BOH TPEYTrOJIbHHK;

6-TH y3JI0BOM TPEYrOJIbHHUK;

4-X y37I0BOM YETHIPEX YrOJbHUK;

8-MU y3JI0BO YETBIPEX yroOJIbHUK;

B) J[symepnvie snemenmul 018 MOOeIUpOBaAHUS KOHCIMPYKYULL

N3rubGaemplii IaCTUHYATHINA AIEMEHT (3JIEMEHT 000JI0UKH ),

I') OonomepHble 21emenmbl 07151 MOOENUPOBAHUSL KOHCMPYKYULL

banounslii n3rubaemplii 21eMEHT

/1) Humepdeticnvle snemenmoi

1D unTepdeiicHbli 37€MEeHT

2D uHTEpdeCHBII dIeMEeHT

E) Cneyuanvnvie snemenmol

CBAMHBIN JIEMEHT

OJTHOCTOPOHHHE CBS3U

KECTKHUE CBSI3U

Ozpanuuenus nHa pasmepHocmsp

«IToagsemubie» pazmepHocTH KDO-monenn (KOIMYECTBO CTeneHed CBOOOJBI) OTpaHUYCHBI
JIOCTYITHOM ONEepPaTUBHOM M IHCKOBOM mamsaThio OBM, pa3zpsaHocThIO mpolieccopa U onepanoHHON
CUCTEMBI.

Ha ucnons3oBasmeiics [I19BM (kondurypanus WIN 7 64, OII 8 ', 3aneiicTBOBaHO 0JTHO
saapo mporeccopa  yactorod 3.1 I'Tm) 3adukcupoBaHbl cliemyroniye IoKa3aTeld sl 3a1ad
«0O0JBIIOIY» pa3MEPHOCTH:

1 319 658 cteneneii cBOOOABI (YpaBHEHHI) Ui cTaTHUeckux 3a1ad — 10446 c.;

Pesynomamut pacuemoe
- KOMITOHEHTHI HaNpsHKEHUH B CIUIOUIHON cpefie (MIPOCTPaHCTBEHHOE, 0CECUMMETPHUYHEOHOE

iockas aqedopomarivs);
- KOMIIOHEHTHI MIepeMEeLIeHUI TPYHTOBOTO MacCHBa,

- pa3Mepsbl 30H MPEAEIbHOIO COCTOSIHUS (30HBI INTACTUYHOCTH);
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- BHYTPEHHHUE YCWIHS B KOHCTPYKIUSAX B3aMMOJICUCTBYIOIIUX C OCHOBAHHUEM;
- k0o3hdHUIHMEHT 3amaca YCTOMYMBOCTH CHCTEMBI ''coopykeHue-TpyHT" (st moaenu Mopa-

Kynona).

Tounocmbe yucieHHbIX pe3y1bmamos

3aBUCUT OT Kiacca (Tuma) 3ajgad, «kadectBa» moctpoeHHo KDO-moxmenu (cetku) u, B
0COOCHHOCTH ISl HETMHEHHBIX 3a/1a4. [TogpoOHO — B MaTpHIax Bepu(pUKAINH JJIsl PEIICHHBIX 3a]1a4.

Pacxoxnenue ¢ "sTanoHHbIMU" pe3ysbTaTaMy s YOPYIrux 3aaad He npesbimaet 10%, a ais
(hU3UYECKH HETMHEHHBIX 3a/1a4 MOXKeT gocturath 15-20%.

Ceeoenus o 6azax oanusvix (budauomexax Koncmanmy), ucnovyemoix ¢ Midas GTS

BcTpoeHHBIX B TEKCT MPOrpaMMbl (DU3MYECKHX KOHCTAHT HeT. Bee du3uko-mexaHudeckue,
TeOMETPHUYECKUE, KECTKOCTHBIC, HHEPIIMOHHBIC U JUCCUITATUBHEBIC XapaKTCPUCTHKHU 3aa0TCS SBHO B
HCXOJIHBIX JIAHHBIX.

Oguyuanvuvie 3xcnepmol

npodeccop Kageapbl CTPOUTEILHON MEXaHUKH

BopoHEX)CKOTro apXuTeKTypHO-CTPOUTEIBHOTO

YHUBEPCUTETA,

JIOKT.TEXH.HAYK, J.M.Ilanupo

3aB.n1abopaTopueil MEXaHUKH IPYHTOB

HNHNOCII nm.H.M.T'epceBanoBa — cTpyKTypHOE

noapazaenenne OAO «HULL «CtpoutenbcTBOY,

KaHJ.TEXH.HAayK B.I'.®enoposckuit

FkFkk M.U.KapabaeB

IIpeacenarens Hayunoro Cosera PAACH

"IIporpaMMHBbI€e CpPeICTBA B CTPOUTEIbCTBE U

apXHMTeKType»,

JAOKT.TeXH.HAYK, Ipo. B.H.Cunopos
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