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IIponaBanBaHue MeTANIHYECKHX 3AIUTHBIX IKPAHOB
HA OCHOBE 3JIEMEHTOB M3 JIUCTOBOI0 MPOKATA U MOJIYTPYO

Acn. H. M. Ipu6bLibcekas ", kan. Tex. Hayk, non. B. A. T'peayxun”

1)]Senopyccmm HAIIMOHAJIBHBIN TeXHUYeCKHi yHuBepcuTeT (MuHCK, Pecrrybnnka benapycs)

Pedepat. OObEKTOM HCCIICIOBAHUS SIBISIOTCS HOBBIE KOHCTPYKTHUBHBIC PEUICHUS METAJUTUYECKHX 3alIUTHBIX JKPAaHOB Ha
OCHOBE 3JICMEHTOB M3 JINCTOBOTO MPOKATa, MONYyTPYO M HANPABJISAIONIUX TPYO. MeTalTHuecKue 3alUTHbIC SKPaHbl IPUMCHS-
I0TCSI IPU CTPOUTEINILCTBE MOA3EMHBIX TPAHCIIOPTHBIX COOPY)KEHHH 3aKPBITHIM CIIOCOOOM. 3aIllUTHBII dKpaH MPeoTBpaIaeT
nedopMarii ¥ MPOCaaKy MOBEPXHOCTH BBIIICICKALINX CIOEB IPYHTA, aBTO- M XKEJIE3HOAOPOXKHOTO MMOMoTHA. [Ipu cTpom-
TEJBCTBE COOPYKECHUI TOHHEIBHOTO TUMA MO ACHCTBYIOIIUMH TPAHCIOPTHBIMH KOMMYHUKAIMSIMHU HE JJOJDKHBI OBITh Hapy-
IIEHBI yCIIOBHs 0€30IacHOM IKCILTyaTal[ii aBTOMOOMIIBHBIX M JKEJIE3HBIX JOpor. B aToM cityuae ocoboe BHUMaHUE yeiseTcs
[pocagKkaM BBIILICNISKALIMX CIIOEB TPyHTA. BennumHa mpocagok BIMSET HA BO3MOXKHOCTb IKCILUTyaTalldd aBTOMOOMIBHBIX
JOPOT ¥ CHIDKCHHE CKOPOCTH JHOO0 TOIHYI0 OCTAHOBKY IBIDKEHHsI HA jKkele3Hod mopore. IToaromy OBUIO HCCIEIOBAHO
HaNpPsHKEHHO-C(OPMUPOBAHHOE COCTOSIHUE MPEAJIAracMbIX METAUTHYCCKUX 3AlIUTHBIX JKPAaHOB C MOMOIIBIO PACUYCTHOMN
MoOJenH, pa3paboTaHHOH HAa OCHOBE METO/a KOHEYHBIX 3JIEMEHTOB. JIJisi OBBIMICHUS] TOYHOCTH pacyeTa BHYTPEHHUX YCHITHIA
Ha TPOAABIUBAHHE OTHEIBHBIX KOHCTPYKTHBHBIX DJIEMEHTOB METAJUIMYECKOTO 3aIlIUTHOTO JKpaHa HCIOJB30BAIICS METOJ
PombGepra. IlpeanaracMbie KOHCTPYKIIMA W TEXHOJIOTHH 3allMTHBIX JKPAHOB COXPAHSIOT MPEUMYIIECTBA IPHMEHICMBIX
B HACTOSIIIIEEe BPEMsI IPH OJHOBPEMEHHOM CHIKCHHUH 3aTpaT Ha COOPYIKCHHUE 3AIMTHOTO 9KPaHa, TaK KaK UCCICIyeMbIe KOH-
CTPYKTHBHBIC peLICHHs TPEOYIOT MEHBIINX YCUIINH Ha MPOJABIMBAaHUE OTICIBHBIX 3JIEMEHTOB U, KaK CJICICTBHE, UCIIOIb30-
BaHKS MEHEe MOIIHOTO 000pyI0oBaHus. PacueTsl HANPsHKEHHO-1e(OPMHUPOBAHHOTO COCTOSHUS TPETOKEHHBIX KOHCTPYKIHIA
3alIUTHBIX SKPAHOB TOKA3aIM MX JKU3HECIIOCOOHOCTh. B KauecTBe KpHTEpHUs MPOBEPKH pabOTOCIIOCOOHOCTH paccMaTpuBa-
JIICh MaKCHMAJIbHBIC HAMPSOKEHHsI, BOCIIPUHUMAEMBIC OTICIbHBIMH YaCTSIMUA KOHCTPYKIIMI, OHM HE TPEBBIIIAIOT Mpejelia
TeKy4ecTH BIOpaHHOW cTaiu. Takke ObUIH pacCYMTaHbl MAKCHMAaJbHBIC BEPTUKAIbHBIC W TOPH30HTAIBHBIC MEPEMEIICHHS
OTJCTBHBIX YaCTel 3KPaHOB, KOTOPHIC HE MPEBHIMAIOT 0003HAYCHHBIX B TpeOoBaHUAX [IpaBUIl TEXHHYECKOH IKCILTyaTalluu
JKene3Hou fnoporu B PecnyOnuke benapych u MHCTPYKIMHU 1O TEKYIIEMY COJCPIKAHHIO JKEIC3HOJOPOKHOTO MyTH B Poccuii-
ckoit @eneparyn. ITO MOATBEPKIAET PaOOTOCHIOCOOHOCTh MPEATAracMbIX METAJUIHUECKUX 3AI[UTHBIX YKPAHOB.
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Punching Metal Protective Screens Based on Elements Made
of Rolled Sheets and Half Pipes

N. M. Pribylskaya, V. A. Grechukhin
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The object of the study is new design solutions for metal protective screens based on elements made of rolled
sheets, half-pipes and guide pipes. Metal protective screens are used in the construction of underground transport structures
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using a closed method. The protective screen prevents deformations and subsidence of the surface of overlying soil layers,
road and railway bed. During the construction of tunnel-type structures under existing transport communications, the condi-
tions for the safe operation of roads and railways must not be violated. In this case, special attention is paid to subsidence
of the overlying soil layers. The magnitude of subsidence affects the possibility to operate roads and reduce the speed or com-
pletely stop traffic on the railway. Therefore, the stress-strain state of the proposed metal protective screens was studied using
a calculation model developed on the basis of the finite element method. To improve the accuracy of calculating internal for-
ces on punching individual structural elements of a metal protective screen, the Romberg method was used. The proposed
designs and technologies of protective screens retain the advantages of those currently used, while simultaneously reducing
the costs of constructing a protective screen, since the design solutions under study require less effort to push through indi-
vi-dual elements, and, as a consequence, use less powerful equipment. Calculations of the stress-strain state of the proposed
designs of protective screens have shown their viability. As a criterion for checking the operability, the maximum stresses
perceived by individual parts of the structures were considered; they do not exceed the yield strength of the selected steel,
and the maximum vertical and horizontal displacements of individual parts of the screens were calculated, which do not
exceed those specified in the requirements of the Rules for Technical Operation of Railways in the Republic of Belarus and
the Instructions for Current Maintenance of Railway Tracks in the Russian Federation. This confirms the operability of
the proposed metal protective screens.

Keywords: underground transport communications, protective screens, punching, violation of the structure of the overlying
soil layers, deformation and subsidence of the surface of the bearing layer
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Beenenne
JKpaHa IoKa3aH Ha puc. 1 [4].
B Hactosimiee BpeMs MpH CTPOUTEILCTBE MOJ-
36MHBIX TPAHCHOPTHBIX KOMMYHHUKallUil IpUMe-
HSIOT pa3InyHble TexHU4deckue perneHus [1]. s
CpaBHEHMSI HEOOXOAWMBIX YCHJIMH Ha NPOJaBIIH-
BaHUE OTIENBHBIX JJIEMEHTOB KOHCTPYKUMH 3a-
HIMTHBIX JKPaHOB OBUTM PacCMOTPEHBI CHOCO0,
npuMeHsieMblid OOO «AHKepHBIE TEXHOJIOTUU-M»
(Poccuiickas @enepanus), U NpeAsOKESHHBIE Me-
TOJIbI COOPYKEHHSI 3aIIUTHBIX SKPaHOB.
3aluUTHBIN dKpaH, KOTOphId ucnons3yer OO0
«AHKEpHBIE TEXHOJIOTUU-M», BKIIOYAET Pl CO-
€IMHEHHBIX MEXIy coOOW TpyO WM CEeKIHi, co-
CTOSIIIMX U3 ABYX M Oonee TpyO, B KOXIOH U3 KO-
TOPBIX BBITIOJIHEHBI IPOAOJIBHBIN BEIPE3 IS BXOXK-
JEHUS. B HEro IPUMBIKAIOIIEH TpyObl M OKHA IS
pasMelieHus monepeyHoil apmarypsl. Bnoas mpo-
JOJBHBIX BBIPE30B YCTAHOBJIEHBI pedpa >KECTKO-

TpyO 1 0A30BBIX 3JICMEHTOB, COCTOSIINX U3 CEKIUI
u3 NonyTpyo

Fig. 1. Metal protective screen made of guide pipes

MeXIy coboil momyTpy06. JlaHHbIN BUI 3aIIUTHOTO

Puc. 1. Metannuueckuil 3allUTHBIN KpaH U3 HANPaBJISIOIUX

CTH, a CTEHKH MPOJOIBHBIX BBIPE30B COTPSIKEHBI C
3aMKOBO-HAIPABJISIOINM yCTpoitcTBOM. [Ipu sTOM
3aIIUTHBIN SKpaH BBIMOJHEH C JIUACPHOU TPYOOid,
KOTOpasi WMeEeT JABa NPOJONBHBIX BBIpE3a s
BXOX/ICHUS B HUX ¥ (DUKCALIUU TTIOCPEICTBOM 3aM-
KOBO-HAIIPABJISAIONIETO yCTPOUCTBA TPYO, MPUMBI-
KaomuX K JUAEPHOH TpyOe, W COOTBETCTBEHHO
IBa psga pedep JKECTKOCTH, PAaCIIOIOKEHHBIX
BJIOJIb OTUX BBIPE30B [2, 3].

[Ipu coopykeHHH TEPBOTO MPEATIOKEHHOTO
METAIUIMYECKOT0 3amuTHOro 3KpaHa (M33) wmc-
NOJB3YIOTCS Hampaelsitomye TpyObl M 0a3oBbIe
JJIEMEHTHI, COJNIep’Kalllie CeKIWW W3 CBapEHHBIX
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and base elements consisting of sections of half pipes

IIpu coopyXeHHH BTOPOTO MPEATOKESHHOTO
METAJTMYECKOTO 3alIUTHOTO dKpaHa B TPYHT IIPO-
JABIMBAIOTCA HANPABIISAIONINE TPYObl M OJHOTHII-
HBIC AJIEMEHThI METAUTMYECKOTO 3alUTHOIO dKpa-
Ha, TIPU U3TOTOBJICHUH KOTOPBIX MCIIOIB3YIOT IIJIOC-
KUW MPOKAaTHBIA JIMCT, K KOTOPOMY IpHBapeHbI
MPOKATHBIEC YTOJIKHU, KaK IMOKa3aHo Ha puc. 2 [5].

Jis  TpOBEepKU  HANEKHOCTH  MPEIJIOKCH-
HBbIX KOHCprKHI/Iﬁ HCCJICA0OBAHO WX HAIPSAKCHHO-
nedopMUpoBaHHOE cocTosiHue. Pacder mpowmsBo-
JIWJICSL C UCIIOJIb30BAaHUEM MTPOrPaMMHOTO TPOAYK-
ta SolidWorks (https://www.solidworks.com).
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Puc. 2. Cxema METaINIMYECKOTO 3aIIUTHOTO 9KpaHa,
COCTOSILIETO U3 OJJHOTUITHBIX JIEMEHTOB Ha OCHOBE
JIMCTOBOTO HPOKAaTa

Fig. 2. Diagram of a metal protective screen, consisting
of identical elements based on sheet metal

VYpaBHEHUE A pacdeTHON HArpy3KH Ha BepX-
HIOIO CEKILIMIO 3aIIMTHOIO SKpaHa

230050
521—y

YpaBHeHHE U1 pacyeTHOM Harpy3ku Ha OOKo-
BbI€ CEKIIMHU 3AIUTHOTO KpaHa

P> =7669-(2,51-y)+

P =23470-(2,51-y)+ (1)

9807 + 10787 + 43149 -4,8995 (2)

01004004y (2,51 y)z
521-y

Pacuetsl IIOoKa3aJid, YTO MaKCHUMaJIbHOC HaIIps-
JKCHUEC, KOTOPOC HCIILITBIBAIOT OTACJIBHBLIC YaCTU
MCTAJUIMYCCKOr'0 3allUTHOr'0 3KpaHa W3 HalpaB-
JIAOIHUX Tp}I6 1 0a30BBIX OJICMCHTOB, COCTOAIIHNX

U3 cexuuii n3 nonyrpy6: o =1,5-10° % [Ipu pac-

p. | Maxc: 1.478¢ + 08

3.167e+07
Mun: 9.992¢ + 00
/! 1.583e+07

geTax Obuta BeIOpaHa ctans C245, mpemen Teky-

. H
4eCTH KOTOPOU 2,45-108—2. MaxkcumansHO€e Ha-
M

MpsDKEHUE He TPeBBINIaeT Ipelel TeKydecTd
BBILIEYKA3aHHOU cTanmu. Pe3ynsrarsl UCCIIeOBAHMS
MOKa3aHbl Ha puc. 3.

PaccuutanHOoe MakcHUMallbHOE IEepeMeELIeHHE,
BO3HMKAIONIEE B KOHCTPYKLUH METaJUINYECKOTO
3alIUTHOTO D3KpaHa TOA BO3JEHCTBHEM Harpy-
30k, cocraBuster Ar=0,017 M. MaxkcumanabHOE

repeMenieHne He MPEeBhIIIaeT HOPM, YCTaHOBJICH-
HbIX [IpaBuiaMu TEXHUYECKOM SKCIUTyaTallud *e-
ne3Hoi goporu B Pecnybmuke benapyce [6] u UH-
CTPYKIIMEH MO TEKyIIeMY COAEPKAHHUIO >Kele3-
HozmopoxxHoro mytu B Poccuiickoit @eaepauuu [7].
[IpemnoxkeHHass KOHCTPYKIHMS TMO3BOJSET OpPTaHH-
30BaTh HEMPEPHIBHOE JBMKEHUE TTOE3/I0B TIPH TIPO-
BEJICHUU CTPOUTEIIbHBIX paboT Ha JKEJIe3HOU J0po-
re. OrpaHudeHuil CKOPOCTH JBHKEHHUS IIOE370B
Ha ydYacTKe JOPOTH, TJe BemyTcs pabdOThl, HE Tpe-
oyercs [8].

Pesynerars! uccinenoBaHus IOKa3aHbI HA pUC. 4.

IIpu pacuere M33 U3 ONHOTUIHBIX JIEMEHTOB
Ha OCHOBE JIUCTOBOTO TIPOKaTa ITOJIYYCHBI Clie-
Iyrorue pe3yasrarsl (puc. 5). Kak Bumgno Ha puc. 5,
MaKCHMaJbHOE HaIPsDKEHHE, KOTOPOE WCIBITHIBA-
IOT OTJAEJBbHBIE YaCTH METAJUIMYECKOTO 3aIlUTHO-
ro SKpaHa, COCTOSIIEr0 M3 OJHOTHUITHBIX 3JIEMEH-
TOB Ha OCHOBE JIUCTOBOTO IIPOKAaTa, COCTABIIS-

H
er 6=2,4-10°—. OHO He mpeBbIIACT Tpeena

M

2

TEKYy4eCTH BBIOpaHHOM HAMU CTaJld (2, 45-10° E)
M

won Mises (N/mA2)
1.900e+08
1.742e+08

- 1.583e+08

. 1425e+08

- 1.267e+08

. 1.108:+08
._ S.500e+07
L 1.917e+07

. 6.333e+07

_ 4.750e+07

9.992e+00

# Mpegen Texydecmw: 2.450e+08

Puc. 3. Pe3ynbrarhl HCCII€10BaHHS HANPSHKEHHOTO COCTOSIHUS METAJUIMYECKOTO 3allUTHOTO SKpaHa
13 HAIIPaBIAIOUIHUX TPYO 1 0a30BBIX HIEMEHTOB

Fig. 3. Results of the study of the stressed state of a metal protective screen made of guide pipes and base elements
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Makec: 1.764e + 01

URES [mm]

9.000¢+00
§.250e+00

7.500e+00

Mun: 1.000e + 30

6.750¢+00
6.000&+00
_ 5.250e+00

4.500e+00

. 3.750e+00
. 3.000e+00
_ 2.250e+00
1,500e+00
7.500e-01

0.000e +00

Puc. 4. Pe3ynprathl ncciae10BaHNS IEPEMELICHUH, BOSHUKAIOMNX B KOHCTPYKIIUH METAJUIMYECKOTO 3alIUTHOTO SKpaHa
13 HaIPaBISIONIUX TPYO 1 0a30BBIX AIEMEHTOB

Fig. 4. Results of the study of displacements occurring in the design of a metal protective screen made of guide pipes and base elements

- Makc: 2.404e + 08

won Mises [N/m"2)

2,404e+08

l 2.204e+08

. 2.003e+08

. 1.803e+08
. 1.e03e+8
. 1.402e+08

. 1.202e+08

_ 1.002e+08

. 8.016e+07
. 6014e+07
4.011e+07

2,008e+07

5.370e+04

— Mpeaen Terydectu: 2.500e+08

Puc. 5. PeSyJ’ILTaTBI HCCJIICAOBAHUA HAIPSHYKEHHOTO COCTOSAHUSA METAJNTMYCCKOTO 3allIMTHOTO dKpaHa
13 OJHOTHUIIHBIX 3JIEMCHTOB Ha OCHOBC JIMCTOBOI'O IIpOKAaTa

Fig. 5. Results of the study of stressed state of a metal protective screen made of similar elements based on rolled sheets

Ha puc. 6 mokazana smropa repeMenieHuit. Mak-
CHUMaJTbHOE TIepeMeIeHne cocTaBisieT Ar = 4,1 Mm.
MaxkcnumanbHOe TepeMellieHre He TTPEBBIIaeT HOpM,
yCTaHOBNCHHBIX [IpaBWiaMu TEXHHUUYECKOM 3Kc-
IDTyaTay JkenesHo moporu B PecryOmuke be-
napych [6] u MHCTpyKIMel o TeKyIeMy coAaepika-
HUIO JKeJIE3HOJIOpOXHOTO myTH B Poccutickort dene-
pamuu [7]. [pemioxenHass KOHCTPYKIUS TTO3BOJISIET
OPTaHHU30BaTh HEMPEPHIBHOE IBIKEHNE TIOE3/I0B IIPU
MPOBENICHUH CTPOUTEIILHBIX paboT Ha KEJIE3HOH JI0-
pore. OTpaHUYEHUI CKOPOCTH JABIKEHHUS TOE37I0B
Ha y4acTKe JIOpOTH, TJe BeayTcs paboThl, HE Tpe-
oyercs [8].
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Jnst onpenenenust ycunuid NMpoJaBlIMBaHUS HC-
T0JIb30BaHbl METOIMUECKUE YKa3aHHs CTpOUTENBHBIX
HopM PecryOmmku benapycs CH 3.03.01-2019 [9].

[Ipu npomaBIMBaHUM YUTEHO MPENEIBHO JOITY-
CTHMOE JaBlieHHe Ha IpyHT. YToOBI Hayaics mpo-
LiecC MPOJABIMBaHUs, JaBICHNE HAa TPYHT JOJIKHO
IIPEBBIIIATH NPEENIBFHO JoIrycTumoe. Takxe HeoO-
XOJUMO TIPEOI0JIETh CUITY TPEHHUS

F, =uN, 3)
rae N — cuina HOPMalbHOTO JaBICHUS; L — KO3(d-
(hUnMeHT TpeHwsI.

B Hamem crmyuae cuiia HOPMalbHOTO JIaBJIe-

HUS — 3TO pacyCTHasA HArpy3ka Ha BEPXHIOIO U 0OOKO-
BbI€ CCKIIMU 3aIIUTHOI'O 9KpaHa COOTBETCTBECHHO.
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Makec: 4.128e + 00

Mumn: 1.000e + 30

URES (mm]
4128e+00

3.784e+00

_ 3.440e+00
. 3.096e+00
. 2.752e+00
. 2408e+00

2.064e+00

1.720e+00

. 1.376e+00

_ 1.032e+00
687901

3.440e-01

1.000e-30

Puc. 6. Pe3yIIBTaTBI HUCCIICIOBAHUSA HCpeMeHIeHPIﬁ METAJUIMYECKOT'0 3allMUTHOTO SKpaHa
U3 OJHOTHUIIHBIX 3JICMCHTOB Ha OCHOBEC JIMCTOBOI'O IIpOKara

Fig. 6. Results of the study of displacements of a metal protective screen made of similar elements based on rolled sheets

Tak kak pacyeTHas Harpy3ka Ha BEpPXHIO U
OOKOBBIE CEKIMH 3alUTHOTO 3KpaHa 3aBHCUT OT
rIyOuHBI, Ha KOTOPOW TPOJABIMBAIOT 3JEMEHT
3alIUTHOTO YKPaHa, CHIy HOPMAIBHOTO JIABJICHHUS
HAXOJIUM, WHTETPUPYsI PacUEeTHYI0 HArpy3Ky IO
TITyOuHE 3a710KEHUS A

N:jp;(h)ds; (4)
Iy
hy
N=[ B (h)ds. (5)
Iy
[Momyyaem GopMyIIsl IUTst pacueTa CHIbI TPSHHUS:
hy
Fop=n] By (h)ds; (6)
hy
hy
F=u| B (h)ds. (7)

hy

VYeunusi 1Mo NPOAABIMBAHUIO 3JIEMEHTOB 3a-
LIMTHOTO JKpaHa PAaCCUYMTHIBAEM C MCIOJIb30BAHU-
eM mporpamMMHoro npoaykra Mathcad (https://www.
mathcad.com).

[IpenensHO TOMYCTUMOE JaBICHUE HA TPYHT

P, =11la;
KO3 (UITUEHT TPEHHUS CTaNU O TPYHT k = 0, 4:

P’ (y.dh)=18054(2,51-y—dh);  (8)

176962

Py (ydh)=——"";
e (ndh) (5.21-y—dh)

©)
P°(y.dh)=5899(2,51-y—dh);  (10)
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0 —
P (y.dh)= a1
10787 43149
(9807 + 0ot ¥ 551y di? J4,0829
- (521~ y—dh)

rae P’ (y,dh) — naBnenne Ha BepX dKpaHa co CTO-
ponsl rpyHta, Ila; P (y,dh) — To ke Ha Bepx
9KpaHa CO CTOPOHBI IMOJBHXKHOTO cocTaBa, Ila;
Pr6 ( y,dh) — TO Xe Ha OOKOBYIO ITOBEPXHOCTH
JKpaHa CO CTOpPOHHBI TpyHTa, [la; PHGc ( y,dh) -

TO K€ Ha OOKOBYIO MOBEPXHOCTh SKPaHa CO CTOPO-
HBI TIOJIBMKHOTO cocTtasa, [la; dh — rimyOuna oTHO-
CHUTEIILHO TOYKH, M;

L)
F, (’iarza(Pn(Pzadh) = kr; J. s (’iSin((P)adh)d(P+
, ? (12)
+ kr, J. P (r2 sin((p),dh)d(p;

F

nl

P
(rl,rz,(pl,(pz,dh) — TPEHUE Ha BHEIIHIOIO U
BHYTPEHHIOIO OOKOBYIO TIOBEPXHOCTH TPYO, MOITy-
TpyO, TpyO C BBIpE3OM; 7, 7, — BHYTPEHHHH U
BHEIIHHUI Painychl TPYO U MOIyTpyO;

L

Fy, (Lo,dh)=k[ B*(Isin(ct),dh)dl; (13)
!

Fyy (Lo, dh)=k[ P (Isin(at),dh)dl; (14)
0

F, (L,(x,dh), F,(L,a,dh) — Tpenue o mioc-
KYIO IPIMOYTOJILHYIO HOJIOCY;

511

Science and Technique. V. 23, No 6 (2024



Cmpoumenbcmeo

F

Hanp = 1u°

F,(R

+2F, (LI,OLZ,RIH .sin(ocz))+ 2F, [Ll’(g_hz

R,,.0,2m,0)+2F,, (L, o, R, -sin(a,))+ 2F,, (Ll,—(g—ocl],Rm sin(a, )J+

j,Rlem(az )]+

+2F, (Ll -8,,0,,(R,, +8,)sin(a, )-8, cos(al))+

(15)

+2F, (lq —61,—(3—%},(&“ +8, )sin(a, )-8, cos(o, )j+

+2F, (L1 — 51,(12,(R1H +9, )sin(oc2 ) - éSlcos(OL2 )) +

+2F, (Ll - 81,(§—|0L2

J(Ry, +8,)sin (o, ) +8, cos(a,) |;
) )

F,_ . — cuia TpeHus, IeHCTBYIONIas Ha HANPaBISIOMyo TpyOy; R, R, — BHEIIHUH U BHYTPEHHUH pauy-

Hamp

cbl TpyO; L, — IIMpHHA MOJKU Yrojka; O, — TOJIMHA yroJika; O, 0L, — YIJIbl PAaCIOJIOXKEHHUS YTrOJIKOB Ha

HaIpaBJIIONIeH Tpyoe;

FB

Tp_6a3_sn
A
—16F,
l
C
F 6ay o — CWJIA TPEHUS, NEHCTBYIOIAS HA BEPXHUH

0a30BbIil 3NeMeHT; Ry, R, — BHEIIHUN W BHYTpPEH-
HUIA paguycel TpyO; R, — pamuyc (HUTypHOH MOIIO0-
CBl; O3, Ol4 — YTJIBI PACIIOJIOXKEHUSI BbIpe3a B TpYyoe;
dh; — cMerieHre ocu TPYOBI C BBIPE30M IO OCH ) OT-
HOCHUTEJIbHO Hadana KOOpAMHAT; dh, — TO K€ OCH
HOJIYyTPyO MO OCH Y OTHOCUTENIBHO Hadajga KOOpIH-
Hat; dh; —TO e IEHTPOB OKPYKHOCTEH KPYIJIBIX

F,

Hamp_Bepx_0ok

+F

=2F,; (Rays Ryy 013, 014,01y ) + 3, (R, , Ry, 0, dly ) + 16, (Rnnaoaamwn_amwd}%)lé_

: (16)

(Ryy,0,00,,,, T =, dhy ) —+16P° (O,dh4)alé+16PrB (0,dh, —h)blé;

C C

gacTell (PUTYPHOH TOJIOCHI 10 OCH Y OTHOCHTEIHHO
Hayaia KOOpJWHAT, dhys — CMEIICHUE BEPXHEH Io-
BEPXHOCTH TIPSAMOH 4acTH (PUTYPHOH ITIACTHHBI 11O
OCH y OTHOCHUTENIFHO Havana KOOPAMHAT; Oy, Olyy —
VIJIBI BepXHEH M HIDKHEH OyTH (UTypHOU ITOJIOCHT,
A — mmpuHa QUTYpHOH IUIaCTWHBL, a, b — miu-
Hbl BEpXHEH M HIKHEW IUIOCKOM 4acTh (purypHoi
TIOJIOCHI;

=F,(R,.R,.0,2m,0)+ F,, (L0, Rysin(o, ) )+ F,, (Ll,—(g— Otlj,RIHSil’l(OLl )j +

w2 (L1,0,, R sin(a, )+ Fy [Ll,—(g - |0L2|j,R1Hsin(oc2 )j +

+F, (L =8, ay,(Ry, +8,)sin(o, ) —dycos (o, ) ) + F, (Ll —61,—(3—(11),(&1{ +61)Sin((x1)—81cos((xl)}+

+ F, (L =80y, (R, +8,)sin(a, ) +8,cos(a, )+ F,,

(Ll —81,(§—|a2|j,(RlH +8, )sin(a, ) +8,cos(a, )j + (A7)

+F, (LI,OLS,RIH sin(ots )) +F, (Ll,—(g—|a5|J,R1Hsin((x5 )j +F, (L1 —8,,05,(Ry, +8,)sin (o) —SICOS((XS)) +

+F
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- ELI - 61,—(§—|a5|),(R1H +8, )sin (o5 )+ 8,cos (o )J +F,, (L, 0, Ry, sin (g )) +
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+Fn2[Ll,_[§_|a6|jR sin( )jwnz(L 8y (Ryy + 3, )sin (g )~ Bycos ot ) +

+Fn2(Ll_81’_[E_|a6|j R, +8)sin(oc6)+61cos(oc6)];

Foanp seps Gox — CHJIA TPEHUSL, IEHCTBYIONIAs HA BEPXHIOK OOKOBYIO HANPABISIONIYIO TPYOy; Os, Olg — YTJIbI

PACIIOJIOKCHUS YT'OJIKOB Ha HaHpaBH}IIOH.[eﬁ pr6e;

F =F, (R, R,.0.2m,dhs ) + F,, (L, 07, Ry sin (o, ) + dhg ) +

Hamp_HIWK_ 00K

+F, (Lp_(g_a7)’R1HSin(a7)+dhsj+Fnz (Ll,ocg,Rlﬂsin(ocg)+dh5)+
+F, (Ll,[g—|0c8|j,R1Hsin(oc8)+alhsj+Fn2 (L, —8,,07,(Ry, +38,)sin(a, ) -8 cos(a, ) +dhs ) +
+F, (Ll —81,—(g—oc7J,(Rm +61)sin(a7)—SICos(a7)+dh5J+
+ Fy (L, =8, 05,( Ry, +8, )sin(ag ) +8,cos (ag ) + dhs ) +
+F, (Ll 5, ——|oc8|) R, +81)sin(ocg)+81c0s(ocg)+a’hsJ+Fn2 (Ll,(xg,RIHsin((xg)erhS)Jr (18)
+ 12(L1 (——a() R, s1n((x9)+dh5j+Fnz(Ll—Sl,ag,(RlH+81)sin(a9)+61cos(a9)+dh5)+
+F, (L1 8, = (R +8, )sin (o )+ 8,cos( oy ) + dhy ] Foy (Ly, 0, Ry sin oty ) + dhy ) +

+F, (Ll a0, R, s1n(0t10)+dhsj+Fn2 (L1 — 8y, a9, (Ryy, +8; )sin (o ) +8,cos (0 ) + dhg )+

T
2
+F, (Ll - 81% —ayg, (R, +8,)sin (o) +8;cos (o, ) + dhsj;

Fianp s Gox — CHJIA TPEHHUS, NIEHCTBYIOIIAS HA HIKHIOW OOKOBYIO HAMpPABIAONLYIO TPYOY; O, O, Olg, OLjg —

YTJIBI PACIIONIOKEHHS YTOJIKOB Ha HaNpaBiIdoiel Tpyoe;

T T
FT?; Gas on = Fnl (R2H9R237a11’a12’dh6)+F [Rzanzsa_EoE dh7j+
T T T T
Fy (RszZBa_E’E’dhs)"‘Fn (RZH’R2B’_E’5’dh9)+E41(RZH’RZB’G‘IS’G“M’dth)_

4F (RZH’O Oy d’O dh )IA 4F (RZH’O O d’amnid’dhiﬁ)é_“'F (RZH’O W o]’O(’mnid’dh9)><
xé—4F Ry,,0,0,00,,, ;. dhy, A+4F R,.0,~at,, ,.,0,dh +4F Ry 0,01, 4t ool AL
L I Il I
A A
+4F, (R,,.0.-at,, d,amnid,dhg)l—+4F (Ry,0,-at,,, d,ocmnid,dhg)l—Jr
A T A T A
+4F, (R,,.0.0,0,, d,dhlo)z+4-Fn3 (b,—z,dh“jz+4~Fn{a,—?dhlzjl—c+
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b A i A i A
+ 4F;13 (b,—z,dthl—-i‘ 4Fn3 (a,—z,dhmjl—‘i‘ 4Fn3 (b,—g,dhlsjl—‘i‘

c

+4F, (a,—g,dhw)lé+4Fn3 (b,—g,diq7]lé+4lﬁl3

c c

6
Tp_6a3 51

BOW 0a30BBII IEMEHT; O, Ol;, — yIJIbl PacIOJIO-

— CWJila TpCHU, I[eﬁCTByIOH.[aH Ha OOKO-

JKEHHMs BbIpe3a B TpyOe; dhi, — cMelleHue ocH Tpy-
OBI C BBIPE30M I10 OCH ) OTHOCHUTEJIBHO Hayasa Ko-
opauHat; dhy — TO xe ocu moiyTpybd mo ocu y
OTHOCHTENIBHO Hayana kKoopauHat; dhy, — TO ke
[EHTPOB OKPY>KHOCTEH KPYTJIBIX YacTed (hUrypHOi
MOJIOCHI TI0 OCH Y OTHOCHTENIFHO Haualla KOOp.IH-
HaT; dhy, — TO e BepxHeil MOBEPXHOCTH HPSIMOM
4acTh (UTYpHOH TUIACTHHBI 1O OCH Y OTHOCUTEIHHO
Havana KOOpJMHAT; o o — YIJIBI BEpXHEH

mn_d> “mn_d
W HWKHEHW Jyrd (UTYpHOH TOJNOCH, A — IIMpHHA
burypHoil MNacTHHB, @, b — JMHBI BepXHEH

Y HIDKHEH 9acTH (PUTypHOH MOJIOCKL;

F, Fnl(RZH’RZB’OLIS’(Xlé’thO); (20)

HIDK_Tp

F;{mlcjp — CWJIa TpCHH:A, JCUCTBYIOIIAasA Ha HUKHIOKO

TpyOy C BBIPE3aHHBIM CEKTOPOM; 5, Ol — YIJIBI
pacIoyioxKeHus BeIpesa B TpyOe; dhy, — cMeleHue

ocH Tp}I6LI C BBIPE30OM II0 OCH Yy OTHOCHUTCIIbHO
HayaJia KOOpaAnuHaT,

‘ A ‘ A (19)
T T
((l,—z,dhlgjl— + IOFn3 (hpl’_a’dhw )l—,
6 6 .

F‘S = PHpS 6a3_on +F, Tp_06a3_om? (25 )

F6 = 1)11p SHI/D](pr + FHI/I)KiTp; (26)

SHanp — ILUIOIIaJab TOopLa HaHpaBJ’IHIOHIef/'I Tp}’6LI;
ga3_3n — TO K€ TOpLla BEPXHETO 0a30BOr0 3JIEMEH-
T&5 Syanp nepx 6ox — TO K€ TOPIA BEPXHEH OOKOBOH

Hanpasisitonied Tpyosr; S — TO XK€ TOp-

Hamnp_HWK_00K

Ua HWKHEH OOKOBOW HampaBisiomedl TpyoOsbl;

S¢., ., — TO Xe TopIia 60KOBOro 6a30B0ro JeMeH-
Ta; S, p — TO K€ TOPIA HUKHEH TPYOBI C BBI-
pe3amu.

Ha puc. 7 mokaszaHbl yCHIIUS 0 MPOJIABJIMBA-
HHIO 3JIEMEHTOB 3allIMTHOTO dKpaHa, rae k = 0,4 —
KO3 (UITUCHT TPEHUsl CTadu O TPYHT, X — JUIMHA
npomaBnuBanusg, M; F1(x) — ycunme momkpara,
TpebyeMoe A MPONaBIUBAHUS TIPOMEKYTOTHBIX
HaMpaBISONMX TPYyO BEpXHEW CEKIMH METaJUIH-
YEeCKOro 3aIIMTHOTO 3KpaHa; F2(x) — To xe ans
MIPOJIABIIMBAaHUSl BEPXHUX DIIEMEHTOB CEKIIMHA Me-
TaJNTHYECKOT0 3aIUTHOrO 3KpaHa; F3(x) — To xe
JUTSL TIPOJIABJIMBAHMS OOKOBBIX BEPXHHX HAIpaBIs-
OUMX TPYO METAJUIMYECKOrO 3alMTHOrO 3KpaHa;
FA(x) — To ke ans MpoJaBIMBaHUS OOKOBBIX HIIK-
HUX HaNpapISIOMNX TPYO METaUTHYECKOTO 3allluT-
HOTO 9KpaHa;, F5(x) — To ke i MPOJaBIIUBAHUS
OOKOBBIX AJIEMEHTOB CEKIIMH METAINIMIECKOTO 3a-
LIMTHOTO KpaHa; F6(x) — To e sl IPOIaBIIUBAHUS
TpyOBI C BBIPE3aHHBIM CEKTOPOM B HIDKHEH HYacTH
METAJUTUUECKOT'0 3aIlIUTHOTO SKPaHa.

F'l ZPHpSHanp +Fﬂanp; (21)
— B B .
FVZ - R1p 6a3_o + Tp_6a3_s71° (22)
F'3 = PnpSHanp_Bepx_601< + Fﬂanp_sepx_ﬁox; (23)
F4 = RTPSHaHp7HHM(760K + FHal‘[piHM)K76OK; (24)
TC 2107
Fl(x)

1000-9.81

FX(x)
1000.9.81

F3(x)
1000.9.51

1.3=10°

Fi(x)  1=10°F
1000.9.81

Fi(x)
1000.9.81

Foeo s00F

1000.9.81

ws b
=

I
20
XM

40

Puc. 7. I'padyik 3aBUCIMOCTH YCHINS JOMKpATa OT JIMHBI IPOABINBAHUS ISl 6a30BBIX JJIEMEHTOB U3 MOIyTpyO

Fig. 7. Graph of the dependence of the jack force on the punching length for basic elements made of half pipes
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IMpousBeneM pacuer YCHUIIMH Ha MPOJaBIMBAHUE w
JUIsSL HTIEMEHTOB Ha OCHOBE JIMCTOBOTO MPOKATa: fnd(w,dh,y)= kJP _6o(y,dh)dx.  (30)
0
b
fal (a, b, dh) e J‘ P ® (y, dh) dy; @7) Ha puc. 8 mokazansl ycwins Mo MpOJaBIIUBa-
HUIO OJJHOTHITHBIX 3I€MEHTOB 3aIIUTHOTO SKPaHa,

rae k= 0,4 — koadhpunmenT TpeHus CTaIu O TPYHT;

b X — JUMHA TIpomaBiuBaHusA, M; F7(x) — ycwmine

fm2(a,b,dh)=k J P_63(y,dh)dy;  (28) JIOMKpaTa, TpebyemMoe s TpoAaBiIuBaHUS BepX-

a HHX OJHOTHITHBIX JJICMEHTOB CEKIIMH MeTaJuTHye-

w CKOT'O 3aIllUTHOTO dKpaHa; F8(x) — To e s mpo-

. fn3(w, dh, y) = kJ. P_ B3( v, dh)dx; (29) IABIIUBAHUS OOKOBBIX OIHOTUIIHBIX DJIEMEHTOB
0 CEKIIUHM METATMIECKOTO 3alIUTHOTO YKpaHa.

Foporw =2 fl(=hy,,—hy, +b+1,0)+ 2 fl(=h,,,—hy, +b,0)+2 ful(=h,, +b—a,—hy, +b,0)+
+4 ml(-hy, +b—a+t,—hy, +b,0)+2 fnl(=hy,,—hy, +b+1,0)+ m3(L,,...0,—hy, +b)+ 3D

+ (L. —5t,0,~hy, +b—1)+ fin3(L,,.,0,~hy, +b)+ fi3(b,0,—hy, +b—a),

JIMCT JIACT ?

F6a3n6 = 2fn2(_h06 -L

TIHCT ’_h06 ’0) + fn4(_h06 —-d, - b’ _h06 - dyr =1, 0) +

yr

+ fnd(~hog —2d,, +b,~hys —2d,, +1,0)+ fnd(~hys —d, ~1,~hy —d,, ~b,0)+

yr
+ fnd(=hys —3d,, +b,—hys —3d . +1,0)+ fnd(b+1,0,—hy) + fnd(b—1,0,—hy) + )
+ fn4(a,0,~hy; —d . )+ fnd(a—1,0,~hys —d,, —t)+ fnd(a—1,0,~hys —2d,, +1)+
+ fnd(a—1,0,—hys —2d, — 1)+ fnd(a—1,0,—hy; —3d, + 1)+ fnd(a,0,~hy; —3d, —1)+
+ fnd(a—1,0,—hys —4d, +1)+ fnd(a,0,—hy; —4d,. —1),

rae fnl(a,b,dh), fn2(a,b,dh), fn3(w,dh,y), fn4(w,dh,y) — TpeHne B IIOCKHX TPAMOYTOIBHBIX JIIe-

MCHTAax; F'6a3nB — CHJia TpCHHA, ,E[CI\/'ICTBYIOH.[EUI Ha BEPXHUC OAHOTUIIHBIC 3JICMCHTHI; F'6 — TO XK€, I[GP'ICTBy-

a3no

foIasi Ha OOKOBBIE OJHOTHITHBIE JIEMEHTHI; L . — JUIMHA CEeKIUH U3 OJHOTHUITHBIX JIEMEHTOB; d, b — IIHpH-
Ha TMOJIOK HEPaBHOOOKOTO yrojika; d,. — PacCTOSHHE MEKIY Yromkamu; Hys,H,, — TilyOuHa 3a/1aBMUBAHUS

OJHOTHITHOTO 3JICMCHTA.

Tc 500 . , :

400
FIx)
1000.0.81 3001

Fi(x)
1000.9.817

100

0 10 20 30 40
X, M

Puc. 8. T'paduk 3aBUCHMOCTH yCHITUsI ZOMKPATA OT [UTUHBI TIPOAABIUBAHUS TSI OAHOTHITHBIX YJIEMEHTOB
Ha OCHOBE JIMCTOBOTO IpOKaTa

Fig. 8. Graph of the dependence of the jack force on the punching length for similar elements based on rolled sheets
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MakcumaibHOE yCHIE JOMKpara HEoOXOAUMO
JUIL TIPOJIaBIMBAHWS OOKOBBIX HIDKHHX HaIpaB-
JSFOINX TPYO METAJUTMYECKOTO 3alIUTHOTO JKpaHa.
[Ipn nmpoxaBIMBaHWM HIKHHUX HAPABILFOIINX TPYO
Ha 40 M oHO coctaBisier F4(40) = 1643,2 Tc.

Pacyersl mokaszanmu, YTO MPH KCIIOJB30BaHUU
0a30BBIX W OJHOTHITHBIX SJIEMEHTOB MBI IMPHKIIA-
neiBaeM B 1,5 pa3a MeHblee ycwine, 4eM Npu
MIPOAABIMBAaHUM CEKIUH U3 TpyO U TpyO C BEIpe-
3aHHBIM CEKTOPOM. DTO TOKA3bIBAIOT U3JI0KEHHBIE
B JaHHOM CTaTh€ pE3yNbTAaThl I 3alIUTHOIO
JKpaHa W3 HANpaBJISIOIMUX TPyO W 0a30BBIX 3Jie-
MEHTOB U pe3yJIbTaThl, U3JI0KEHHBIE B cTaThe [10],
JUTS CeKINI M3 TpyO U TpyO C BBIPE3aHHBIM CEKTO-
pOM TIpY ONMHAKOBBIX YCJIOBHSIX TPOIABIMBAHUS.
CrenoBaTeNbHO, TIPU MPOU3BOACTBE pabOT MOXKHO
MIPUMEHSATH MEHEE MOIITHOE 000pYIOBaHHE.

BbIBO/IbI

1. C y4eToM BBIIIEH3IOKEHHOTO MOXHO CJIe-
JaTh BBIBOJ, YTO JAHHBIE TEXHUYECKHE PEIICHUS
SIBJISTFOTCS AKU3HECTIOCOOHBIMU.

2. 3amuTHBIN SKpaH npefoTBpamaeT aedopma-
IUI0 ¥ TPOCAIKy IMOBEPXHOCTH, MHHUMHU3UPYET
BJIMAHUE CTPOUTCIbHO-MOHTAXXHBIX pa60T Ha Tro-
POJICKYIO ¥ TPAHCIIOPTHYIO HHPPACTPYKTYPY.

3. Iy coopy KeHHs 3aIUTHOTO dKpaHa HE0OXO-
JIMIMO HCIIOJIb30BaTh MEHee MOIHOE 000pYyIOBaHUE
JUISL BIAQBITUBAHWS HAIMPABISIOIIUX TPYO M 0a30BBIX
JJIEMEHTOB, YTO BEJET K CHMIKEHHUIO ce0ecTOMMO-
CTH CTPOMTENECTBA M YMEHBIIICHHIO €ro MpPOoJIOo-
JKUTEILHOCTH.
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