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Abstract--- This article is to investigate the virtual passive safety tests on the tractor cabin using the LS-DYNA
software. Samples used in lab testing were St3ps grade carbon steel, and the results of testing were put to build a
mathematical model of this material. Criteria for the quality of the finite element mesh and a technology have been
developed for better accuracy of the virtual testing of tractors for passive safety. Data from virtual testing was
compared with the in-sute findings.

Keywords--- Passive safety, agricultural machinery, mathematical model, Falling Object Protective Structure
(FOPS), Roll Over Protection Structure (ROPS), strength, dynamic design, finite element (FE) model.

l. Introduction

Progress in computer simulation made it possible to explore the passive safety of machines virtually, based on
the finite element method. A lot of papers have already been devoted to this matter, like (Wang, Yang & Yu, 2009),
(Blanco, Martin &Ortalda, 2016) and (Zhao, Zhang & Yang, 2014), for example. The first paper in the list is a
nonlinear static analysis of the FE model of a two-post safety frame under side load. By comparing virtual and in-
sute data, material displays same behavior between cases. In (Blanco, Martin &Ortalda, 2016), protective structure
in a state when load is applied until the prescribed absorption energy is reached. The paper also provides a series of
falling object tests. Virtual testing of a structure under load provides valuable information about its effectiveness,
and, as a result, the ability to improve critical areas. In (Zhao, Zhang & Yang, 2014), similar virtual ROPS tests
were touched, but on materials used to protect the cabin of a truck. Static load application was imitated using the
ABAQUS software package. The results revealed that the tested protective structure met the requirements. The cab
sustained the applied load and was considered as a protection for the operator. By calculation, safety frame of the
ROPS was a real and safe system that can go in a heavy duty dump truck.

This article provides results of more complex dynamic tests performed on tractors for passive safety of thereof,
and results of mechanical tests of steel samples, which were used to build a mathematical model of said material.
Virtual findings were compared with those from in-sute testing on a test bench, which vertical stiffness was as in the
actual cab construction. The stress-strain behavior of ROPS, obtained in previous tests, was included in the article.
This somehow improved the accuracy of calculations.

As indicated in (Jeroncic, 2015), a tractor cab must meet the generally accepted European standard in the field of
passive safety: FOPS (Falling Object Protective Structure) (ISO 3449:2005) and ROPS (Roll Over Protection
Structure) (ISO 3471:2008). A FOPS structure is to reduce the severity of a traffic accident, to protect the operator
from possible falling objects, while ROPS safety frame is to ensure the safety of an operator when the special
equipment rolls over.

This article is to carry out FOPS and ROPS tests using modern approaches of computer engineering, as well as
to develop recommendations for improving the accuracy of virtual testing:

e  Material samples underwent lab testing, which results were put to build a mathematical model;

o  Criteria were developed for the quality of a FE mesh;

e Technology was developed for including data on stress-strain behavior of the cabin, obtained in previous
calculations.
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Il.  Material Model Building

When it comes to the process of modeling object collisions, plastic effects of material from which the objects are
made are essential. By using the *MAT_JOHNSON_COOK feature, one can consider a high rate of deflection and a
high impact speed (LS-DYNA, 2001). Therefore, this material model is most suitable for calculating the cab
protection frames (FOPS, ROPS) on condition that it was selected and validated by following the in-sute data.
According to this model, effective stress is calculated by the following formula:

o= (a+be}) (1+clni) 1 -1m), (1)
Where: o —stress; ¢, — plastic deflection; a, b, n, ¢, € and &, — model’s parameters;T — temperature.

Samples used in lab testing were St3ps grade carbon steel as the most popular material used in the manufacture
of cab frames and load-carrying units of agricultural machinery. Samples of standard sizes were cut from this
material (Figure 1). Three samples were tested to validate testing results.

1 - 2 %2
Rz 20 \
el o R \®
\ = Vs \
1 \/ ) P i
: 75 42 5
Sample thickness: 2.5 mm

Figure 1: Standard Size Samples: 1 — for in-sute testing, 2 — a schematic view
Chemical composition of the St3ps grade carbon steel in presented in Table 1.

20

Rz 80

Table 1: Chemical Composition of Material used in Tested Samples

Grade | Mass Fraction of Chemical Elements
carbon manganese | silicon
St3ps | 0.14...0.22 | 0.40...0.65 | 0.05...0.15

In-sute testing of material samples was carried out on a certified experimental testing machine, which was
recording stress and deflections (Figure 2).

Figure 2: Experimental Testing Machine (1, 2) and Standard Size Test Samples after Testing (3)
Stress data that were obtained in relation to deflections, detected in three test samples, were averaged and
transferred from engineering units (Figure 3) to the true ones by:
§ =In(e + 1), )
S=o0(c+1), (3)
Where: § — true deflection; e — engineering deflection; S — true stress; o — engineering stress.
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Figure 3: Engineering Deflection Curve by Measurement
As a result, deflection curve is presented in a form in which it can be used in virtual passive safety testing,
performed using the finite element method (Figure 4) (Borovkov, Burdakov&KIlyavin, 2012).
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Figure 4: True Deflection Curve, Averaged

I11.  Calculation Technology and FE Mesh Quality Criteria

Virtual testing, which is the imitation of the in-sute testing, is performed to reduce the cost and the time for
manufacturing a tractor cabin. According to ISO 3471: 2008, ROPS testing includes four tests (longitudinal loading,
side loading, front crushing and rear crushing). Tests are performed sequentially on a single ROPS. That is, the last
three tests are conducted when the ROPS is already deformed and has a certain level of residual stress. In virtual
testing, this factor is usually not considered, so the testing is likely to be carried out on an initial FE model, but this
has an adverse effect on the accuracy of calculations.

For better accuracy of virtual ROPS testing, a corresponding computer program was designed (Lebedev et al.,
2017), which provides:

e Automatic loading of files containing data on the previous simulation case;

o Calculation of energy absorbed by the ROPS during virtual tests plus the target value of this energy;

o File containing necessary data for the next stage of testing.

The quality of a model splitting into finite elements significantly affects the calculation results. Table 2 shows
the recommended requirements for finite elements, which are to minimize the calculation error.
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Table 2: FE Mesh Quality Criteria
Ne Criterion Value Description

1 Aspect ratio 4 ’ / v\
b,

a
Aspect ratio = mﬂ‘[;]

2 Skewness 125

3 Warping 15

Warping Angle = maxg,,@,)

4 Min Length 4 j q

Minimum length = min(l,}
Maximum length = max(l, )

5 Max Length 15 See point 4

6 | Min Angle Quads 40
</

Angle = F.<@<F_

7 | Max Angle Quads | 140 See point 6
8 | Min Angle Trials 30 See point 6
9 | Max Angle Trials | 120 See point 6
10 Triangles, % 10 TrianglesvsQuads

IV.  Virtual FOPS/ROPS Testing

4.1 FOPS Testing

ISO 3449:2005 is a document that specifies the FOPS tests (1ISO 3449:2005). In laboratory conditions, these tests
are carried out by dropping a standard object (indenter) of a given shape and mass from a certain height.

Level | impact protection: impact strength for protection from small falling objects (e.g. bricks, small concrete
blocks, hand tools) encountered in operations such as highway maintenance, landscaping and other construction site
services.

Level Il impact protection: impact strength for protection from heavy falling objects (e.g. trees, rocks) for
machines involved in site clearing, overhead demolition or forestry.
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According to I1SO 3449:2005, testing is performed for two cases: when a 45-kg indenter falls from a height of 3.1
m and when an indenter weighing 227 kg falls from a height of 5.22 m. Since the second case is more dangerous,
then it will be our case of choice. Figure 5 shows the position of an indenter for the test. Testing was done with a
DLV (deflection limiting volume) in the cab, imitating the presence of an operator. In-sute testing was performed on
a similar construction.

Figure 5: Position of Indenter for FOPS Testing
In this case, maximum deflection of the cabin roof was 106 mm (Figure 6).

P

Figure 6: Total Deflections Caused by an Impact, mm.

A 227-kg indenter, applied to the roof of the cab from a height of 5.22 m, hit it at the point located above the
operator's head, and made the protective structure to infringe on the clearance zone by about 7 mm. Thus, the central
roof beam was strengthened. Second testing indicated a 12 mm decrease in deflection.

4.2 Rops Testing

Virtual testing was carried out in accordance with (1ISO 3471:2008). In laboratory conditions, ROPS strength is
checked by applying static force and by static compression tests simulating loads that can affect the ROPS when the
tractor rolls back, forward or sideways without falling. Tests allow assessing the strength of the unit itself, its
attachments, and parts of the tractor to which the load will pass from the ROPS.

According to ISO 3471:2008, there are several cases of impact applied to the tractor cab to consider. Figures 7,
8, and 9 are the load application schemes for five cases.

In virtual testing, we used data on stress-strain behavior of ROPS, obtained in previous tests.
4 5

T,

Figure 7: Side Load Application, where 1 — Seat Index Point (SIP); 2 — Point of Side Load Application; 3 —
Deflection due to Rear Loading; 4 - Longitudinal Axis; 5 — Side Load
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://J

Figure 8: Load Application, Rear and Front, where 1
— Rear Load; 2 — SIP; 3 — Front Load; 4 — Point of
Second Load Application, Front or Rear; 5 —
Longitudinal Axis; 6 — Point of Load Application,

Rear or Front.

Figure 9: Example of Arrangement fir Crushing Test,

where 1 — Load; 2 — Universal Pin Joints; 3 —

Hydraulic Cylinder; 4 — Blocks under Front and Rear

Axles; 5 — Crushing Beam

There were five virtual ROPS tests conducted in the following sequence:

Longitudinal loading, load application scheme in Figure 7.
Front crushing, first test, load application scheme in Figure 8.
Side loading, load application scheme in Figure 9.

Rear crushing, second test, load application scheme in Figure 8.

Additionally, longitudinal strength test was carried out, as the axle load distribution was 50 x 50. The load
application scheme is presented in Figure 7.

The linearly increasing load applied to the tractor cab by means of a stiff beam (640110 mm) was distributed
uniformly. Loading was stopped when the energy absorbed by the protective structure reached:

Ey =14m,

Where: """ - calculated mass of a tractor, 23000 kg.

Figures 10-14 show total deflections and von-Mises stress at various load applications, data are true for the point
when required absorption energy was reached.

e

Figure 10: Longitudinal Loading Test: Tractor Cab at Impact from the Front: a — total deflections, mm; b — von-
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Figure 11: First Crushing Test: Crushing at the Front: a — Total Deflections, mm; b — von-Mises Stress, MPa
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Figure 14: Longitudinal Loading Test: Tractor Cab at Impact from the Rear: a — total deflections, mm; b — von-
Mises stress, MPa

ISSN 1943-023X 1701
Received: 23 July 2018/Accepted: 21 Aug 2018



Jour of Adv Research in Dynamical & Control Systems, Vol. 10, 12-Special Issue, 2018

V. Data from Virtual Testing VS in-SUTE Findings

The testing laboratory specializing in mechanical equipment and transport carried out a series of certified FOPS
and ROPS tests on a cab frame (UDM2 Petra-FTZ Manufacturer). The procedure complies with 1SO 3449: 2005,
Level 1l (Figure 15).

o _» 5 : 1 s f_‘_ = a__ - - U
Figure 15: An Assembly View of Protective Structure (Cab Frame): a) at Impact; b) Subsequent to Impact
Table 3: Provides Comparative Testing Data

Table 3: Comparative Findings in In-Sute and Virtual Testing

Case Virtual Testing, mm | In-Sute Testing, mm | Error, %
FOPS, Levelll 90.28 88.16 2.40
ROPS, longitudinal loading 44.55 45.20 1.40
ROPS, first crushing at the front 56.23 59.11 4.87
ROPS, side loading 40.45 42.50 4.82
ROPS, second crushing at the rear 148.60 146.90 1.15
ROPS, longitudinal loading 65.51 67.74 3.29

V1. Conclusions

One can make virtual results comparable to experimental data only if the material model was chosen right, if the
geometry is accurately modeled and calculations are fine, if the mesh is good, and the previous stress-strain behavior
of the structure is considered. This article presents testing results, which are as close as possible to the results of in-
sute tests, which indicates the adequacy of initial assumptions. The calculation error is below 5%, so computer
modeling can provide the most optimal, durable and safe design. This will allow reducing the number of in-sute tests
to perform.
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MMPOBEJIEHUE BUPTYAJIbHBIX UCITBITAHU KABUHBI TPAKTOPA
O ITACCUBHOM BE3OITACHOCTH. CPABHEHME C
PE3YJbTATAMM HATYPHBIX UCIIBITAHUI.

Eroposa /I.A, UBanoB K.C., JleoeaeB /1.0., Huxkyauna C.II.

Cankr-IlerepOyprckuii [Tonurexunueckuit yausepcuret [lerpa Benukoro, [TonurexHuyeckas yo., 29, CaHkT-

[TerepOypr, 195251, Poccus

AHHoTaumsi. B crartke paccmarpuBaercsi NpOBENCHHME BUPTYAJIbHBIX HCHBITAHUNA KaOWHBI
TpaKTOpa Mo HaccuBHOW Oe3zomacHocTu B mporpammHoM komiuiekce LS-DYNA. ITpoBexnens
JabopaTopHble UCHBITAHUS 00pa3uoB yriepoauctoi cranu mapku Cr3mnc [1], mo pesynpraram
KOTOPBIX pa3zpaboTaHa MaTeMaTHyecKas MoJellb Marepuana. Pa3paboTaHbl KpUTEpUU KadyecTBa
CETKHM KOHEYHBIX 3JIEMEHTOB M TEXHOJIOT U Ul YBEJIUUYEHUSI TOYHOCTU PE3Y/IbTaTOB IPOBEACHUS
BUPTYaJIbHBIX UCTIBITAHUHN IO MACCUBHOM 0€30MacHOCTH TpakTopoB. [IpoBeeHo comocTaBieHne
Pe3yabTaTOB HATYPHBIX U BUPTYAJIbHBIX UCIIBITAHUM.

KialoueBble  cjioBa:  maccuBHas ~ 0€30MacHOCTb,  CEJIBbCKOXO3SHUCTBEHHAs  TEXHUKA,
MaTeMaTh4yeckas MOJiellb, YCTPOMCTBO 3amUThl OT nanatomux npeameros (FOPS), ycTpoiictBo
3amuThl 0T onpokuibiBanus (ROPS), mpoYHOCTh KOHCTPYKIHiA, JUHAMHYECKHAN pacyer,
KOHEUYHO-3JIeMeHTHas Mojiennb (KOM).

1. Bsenenme

bnaronmaps pa3BUTHIO METOJIOB KOMIIBIOTEPHOTO MOJIEIMPOBAHUS CTAJIIO BO3MOXKHBIM
NPOBONUTh BHUPTYaJbHBIC HCCIEIOBAHUS II0 ITACCHMBHOW OE30MacHOCTH Ha OCHOBE METoJa
KOHEYHBIX 3J1eMeHTOB. [10100HOE MOIenpoBaHue puBecHO B padoTax [2], [3] u [4].

PabGora [2] mocBsiieHa HENMHEHHOMY CTaTHYECKOMY aHAIM3y KOHEYHO-3JICMEHTHOI
MOJIENIA JIBYXCTOGYHOH pambl 0€30MacHOCTH TpakTopa Npu OOKOBOW Harpyske. IIpuBomutcs
CpaBHEHHE BUPTYaJIbHBIX M HATYpPHBIX HUCIBITAHUH, MPU KOTOPBIX HaOMIOAeTCs HJIEHTHUYHOE
noBejcHUe Marepuana. B pabore [3] paccmarpuBaercs MOBeIEHHWE CHUCTEMBI 3alMTHI TPU
NPUIOKEHUU Harpy3Kd 10 JOCTHDKEHHUS NPENNUCAHHOW SHEpPIruu, a TakKe MPOBOIUTCS CEepHs
UCTIBITAHUN TaJIeHHsI MPEeaMeTa ¢ BBICOTHI Ha KaOWHY TpakTopa. BupTyaibHOE HcclieoBaHUe
pearupoBaHus KOHCTPYKIIMM Ha HArpy3Ky 1aéT LeHHyo nHpopmanuio o0 e€ addexruBHocTH, U,
KaK CJIC/ICTBHE, BO3MOXKHOCTh YIIy4IlllaTh KpUTHYECKUE 30HBL. B paboTe [4] mpoBeneHb! OX0XKUe
BUPTyaJibHbIE HCHBITAHUSA CPEIACTB 3aIUTBl OT BO3MOXKHOTO ONPOKUABIBAHHMS KaOWHBI
rpy3oBHKa. IMUTaMs CTaTHYECKOW HArpy3KH BBHIMONHEHA B mporpamMmHoM makere ABAQUS.
Pe3ynbpTaThl MOKa3bIBAIOT, YTO HUCHBITHIBAEMAsl CUCTEMA 3allUThl COOTBETCTBYET TPEOOBAHMSIM.
Kabuna BBIAEp)KMBAET MPHUIOKEHHYIO HArpy3Ky W 3alllMIiaeT omepaTopa. Pacdyér mokasbiBaer,
yro pama OezonacHoctu ROPS sBnsieTcs peanbHON U 6€30MacHOM cUCTEMOH ISl CBEPXMOIIIHOTO
caMocBaJa.

B nacrosmeil jxe paboTe BBIMOJHEHBI 0OJiee CIOXKHBIE TUHAMUYECKHE HCCIEIOBAHUS
MACCUBHOW 0€30MaCHOCTH TPAKTOPOB HA OCHOBE SIBHOTO METO/A, NMPOBEICHBI MEXaHWYECKHE
UCTIBITaHUs 00pa3lloB CTalld, Ha 0a3e KOTOPHIX CO3[aHa MaTeMaTHdeckas MOJellb MaTepuaa.
Taxoke MUMeeTcsi CpaBHEHHE C HATYPHBIMM MCCIIEIOBAaHUSIMU, KOTOPbIE IPOBOJMIINCH HA CTEHJE,
UJICHTUYHOM KOHCTPYKIIMHM pEaTbHOW MamuHbl. BepTukanbHas >KECTKOCTh HCHBITATEIHLHOTO
CTeHJa Ta K€, YTO W B peallbHOW KOHCTPYKUMH KaOWHBI TpakTopa. Takke OTIMUUTEIHbHOM
0COOEHHOCTBIO HACTOSIIEH PadOTHI SBISIETCS MCIIOJIb30BAaHUE HATPSHKEHHO-EPOPMHUPOBAHHOTO
cocrosnuss (H/JC) xonctpykuun ROPS, momydenHoe Ha mpeaplaylieM 3Tane BHPTYaTbHbBIX
WCIIBITAHUH, YTO MOJIO)KUTEIBHO CKA3bIBAETCSI HA TOUHOCTH PACUYETOB.



2. IlocranoBka 3agauu

B coorBerctBum ¢ TP TC 031/2012 [5] xabuna TpakTOpa IOJKHA YIOBJIETBOPATH
obmenpunaromy EBpormelickomy crangapty B oOnactu maccuBHOUM OeszomacHoctu: FOPS
(Falling-object protective structures) [6] u ROPS (Roll-over protective structures) [7]. s
CHMXCHUA TAKCCTH JOPOKHO-TPAHCIIOPTHOI'O IMPOUCIICCTBUA HM3rOTABIMBACTCA CTPYKTYpa
FOPS, npennaznadeHHasi Jjisl 3allMThI oriepaTopa OT BO3MOXHOTO MAaJCHUS MPEIMETOB CBEPXY,
a Takke pama Oe3omacHocth ROPS s obecrieuenusi 6e30macHOCTH omeparopa Mpu
OTPOKUIBIBAHUU CHEITEXHUKU.

B nacrosmieil paboTte mocTaBiieHa 3ajadya BUPTYAIbHOTO POBEIECHUS BIIICYIOMSHYTHIX
UCIBITAHUN C MCIOJIB30BAaHHUEM COBPEMEHHBIX IMMOAXOJOB KOMIBIOTEPHOIO WHKUHUPHUHTA, a
TaK¥XKEC pa3pa60TKa pCKOMeHI[aI_II/Iﬁ M0 TOBBIMICHUIO TOYHOCTH MPOBOAMUMLIX BHPTYaAJIbHBIX
WCTIBITAHUI:

— TPOBEACHBI JIA0OpPATOpPHBIC HWCIBITAHUS O0OpaslloB Marepuayia, Ha 0a3e KOTOPBIX
pa3paboTaHa COOTBETCTBYIOIIAsl MaTeMaTHYeCKasi MOJIEb;

— pa3paboTaHbl KPUTEPUH KAa4eCTBA CETKU KOHEUHBIX DJIEMEHTOB,

— pazpaborana texHonorus yu€ra HJC KoHCTpyKIuHM KaOWHBI, TOJXy4YE€HHOTO Ha
MPEABIAYIIEM JTAIE pacuera.

3. Pa3paboTka Moae/in MaTepuaa

[Ipu MonenmupoBaHMHM COYIApEHUST OOBEKTOB BAXHYKO pOJIb WIPaeT ONHCAHUE
wiactTruueckux 3¢ dexToB B marepuane. Moaens xoncona—Kyka (*MAT_JOHNSON_COOK)
[8] mo3BonseT yUMTHIBATH BBICOKYKO CKOPOCTH JacdhopManud, OOJBIIYI0 II0 BEIUYMHE
nehopMaIiio U BBICOKYIO CKOPOCTh BO3JICHCTBHS, II03TOMY JIaHHASI MOJIC]Ib MaTepuaa sBIsSCTCS
HanOoJiee MOAXOAsIIeH I pacu€TOB CHIIOBBIX 3alIMTHBIX KapkacoB kabun (FOPS, ROPS) npu
COOTBETCTBYIOIIIEM IOJ0OpE M BalWJalldd MOJCIHM MaTepHaloB Ha OCHOBE HATYPHBIX
ucnbITaHui 00pa3noB. COrjlacCHO JaHHOW MOJICNN JICHCTBYIONIME HAMPSKCHUS PACCUUTHIBATHCS
o ciexyronieit popmyse:

o= (a+be}) (1 +c lné) (1-T"™), (1)

TJe 0 — HAIPKEHHE; &£, — IUIACTHYECKUE AepOpMalu; a — NPENeN TEKYy4eCcTH; b — MOLyIb
VIPOYHEHHUS; N — YINPOUYHSIOLUHN MOKa3aTeab; ¢ — KO3QPUIMEHT cKopocTH Aedopmanuu; & —
CKOpOCTh JehopMaIiim; £, — OMIOPHOE 3HAYCHUE CKOPOCTH Aedopmanuu; T — Temreparypa.

Jlnsi IpOBEICHUsT HATYPHBIX HMCIBITAHWN BBIOpaHa JUCTOBas ctayib Mapku Ct31C Kak
HanOoJIee TOMYJISIPHBIA MaTepuai JUIsl U3TOTOBJICHUS KapKacoB KaOWH M HECYIIUX DJIEMEHTOB

CeJbX03TeXHUKHU. M3 3TOro Mmarepmana BbIpe3aroT oOpasilbl cTaHmapTHHIX pasmepoB (Puc. 1).
J171s1 O1IeHKU JOCTOBEPHOCTH MOJIy4aeMBIX JAHHBIX HCHBITHIBAIOT TpU o0pa3ua.

: , 2 %2
& R 20 |
—_— Rz 20 fv/
' 7% 42 %5
: Tomyuma adpasya: 2.5 m

Puc. 1 - Crannaptabsle 0Opasipl: a - Isl HATYPHBIX UCIBITAHUH, O — uepTex

0
20

Rz 80

Xumudeckuit coctaB ctanmu Mapku Ct3mnc npusezeH B Tadmure 1.



Ta6auna 1 - XumMuyeckuii cocTaB MaTepuajia HCNbITYeMbIX 00pa3oB

Mapka cranu MaccoBas 10J151 XUMHUYECKUX DJIEMEHTOB
yriaepoaa Maprasia KpEMHUS
Cr3mnc 0,14...0,22 0,40...0,65 0,05...0,15

HatypHubie wucnbiTanus oOpa3loB MaTepuana MPOBOAATCS HA CEPTHPUIIUPOBAHHON
SKCIIEPUMEHTAIBLHON Pa3pbIBHOM YCTAHOBKE, KOTOpasi B IMPOILIECCE MPOBEICHHS HCIBITAHUI
3alMCBIBACT JAaHHBIC O BO3HHUKAOMIUX B MATCpHUATIC HAIPSIKCHUAX ©U COOTBCTCTBYIOLIUX
nedopmanusix (Puc. 2).

Puc. 2 - DkcniepuMeHTalbHasl yCTaHOBKa (a, 0) M CTaHJapTHBIE SKCIIEPUMEHTAJIbHBIE
00pa31bl 110ocJie UCIIBITaHUH (B)

[TonydyeHHble naHHBIE HAMpPSDKEHUH B 3aBHCUMOCTH OT Jaedopmanuii TpEX oOpasIoB
YCPEIHSIOTCS ¥ IepEeBOASTCS U3 UHXKeHepHbIX eaunul (Puc. 3) B uctunHbie no popmynam:

§ = In(e+ 1), 2

S=o0(e+1), 3)
rie 6 — UCTUHHBIE 1eopMalni; € — HHXKEHEPHBIE gedopMaiiu; S — ICTUHHBIE HANPSDKEHUS, O
— MHXXCHCPHBIC HAITPSIKCHU .

Ouarpamma pedopmuposBaHUA
i) S S
T 350 »
T 300 | \1‘\
E 250 - !
ﬁ 200 | '|‘ — Dfpazeyl
E_ 150 'I‘ — Ofpazey?
:’EE“ 100 4 "\\ Ofpazeu3
| — |
- ST
0+
4] 5 10 15 0 25
Hedropmauma [3]

Puc. 3 - DxcnepuMeHTaIbHO 3aMepeHHbIE TUarpaMMbl 1e(OPMUPOBAHUS B HHKEHEPHBIX
pa3MepHOCTAX




B pesynbraTe nuarpamma neopMupoBaHUS MPEACTABISETCS B TOM BUIE, B KOTOPOM €€
MO>KHO HCITOJIb30BaTh JJIsi BUPTYAIbHBIX UCHBITAHUHN IO MACCUBHON 0E30MAaCHOCTH HAa OCHOBE

MeTo/1a KoHeuHbIX 3eMeHToB (Puc. 4) [9]

Aunarpamma aedopMmHUPOBaHHA
450

— T

A N

‘ —Test

Hanpaenus, MNa
w w

2 &

(=] =]

4

,/

~
@
S

200 ‘

150 |
0,000 0,020 0,040 0,060 0,080 0,100 0,120
HAedopmayunm, Mm

Puc. 4 - Ycpennennasi sKcriepuMeHTa bHas [uarpamma aeopMupoBaHus B HCTUHHBIX
pa3MepHOCTAX

4. Pa3pabdoTKa TEXHOJOTHH PAcyéTa H KPUTEPHEB KA4eCTBa CETKH

41. Jlna yneumieBICHHUS M COKPAIICHUS CPOKOB Pa3pabOTKU KAaOMHBI TPAKTOpa MPOBOASTCS
BUPTyaJIbHBIE HCIBITaHUs, UMUTHpYyromue HatypHble. CormacHo 'OCT P MCO 5700-2008,
ROPS Tpaktopa moaBepraercs 4YeThIpEM HCHBITAHUSAM (Harpy)Ke€Hue B MPOIOIHLHOM
HAIPABIICHUHU, HATPY)KCHHE B IONEPEYHOM HAINPABICHUHM W J[BA HUCIBITAHUS Ha CXKaThe - B
nepeaHer W 3amHe dactu). McmblTaHus MpoBOASTCS TMocienoBareabHo Ha omaHoM ROPS
TpakTopa. To ecThb Ha BTOPOM, TpETheM M 4YeTBEPTOM dramne ucnbitanuii ROPS w3nawanbHO
neOpPMHPOBaH U UMEET B KOHCTPYKIIMH OIPEICIICHHBIA YPOBEHb OCTATOYHBIX HAIPSIKCHUI.
[Tpu mpoBeeHUN BHPTYaTbHBIX UCTIBITAHUN JaHHBIM (PAaKTOPOM OOBIYHO MPEHEOPErarT U Mpu
MPOBEJCHNUN HCIBITAHUIA HCHONIB3YIOT HAYaJbHYI) KOHEYHO-3JIEMEHTHYI0 MOJeNb, 4YTO
HEOJIAarOMPHUATHO CKa3bIBAETCS HA TOYHOCTH PACcUCTOB.

Jis yBenuyeHUs TOYHOCTH TIPOBEICHHS BHUPTYalbHBIX HCHBITAHUN MO MACCHUBHOM
0C30MacHOCTH TPAKTOPOB B YAaCTH 3allUTHl TPH ONPOKUIBIBAHUU Oblla pa3paboraHa
cooTBeTCTBYOIIas mporpamma st 9BM [10], kotopast obecrieunBaet:

— ABTOMATHM3MPOBAaHHYIO 3arpy3Ky HEOOXOIUMBIX (DAiJIOB MPEeABIAYIIEr0 pPacueTHOTO
cirydas;
— pacuet sHepruu, nornomeHHoi ROPS Bo Bpems mpoBeaeHHs] BUPTYaIbHBIX HCIIBITAHHMA

U OTIpe/ieTICHHUE 11eTIEBOTO 3HAUYCHHUS JAaHHOW YHEPTHH;

— ((opmupoBanue (aitna, copepKamero HEOOXOIWMBbIE JaHHBIE IS TMPOBEICHUS

CJIEAYIOLIETO 3Tarna UCIbITAHH.

4.2. KagectBo pa3OWeHHMs MOJAENTH HAa KOHEYHBIE OJJIEMEHTHl 3HAYUTENHHO BIMSET Ha
pe3ynbTaThl pacueta. B Tabnuie

45. Tabnwuma 2 npuBeIeHb pPEeKOMEHIyeMble TpPeOOBaHUS K KOHEYHBIM DJJIEMEHTAM JUIs
MUHHUMH3AIAN TTOTPEITHOCTH PACYETOB.



Tab6auua 2 — Kpurepuu kayecTBa ceTKH

Ne Kpurepuii 3HauyeHnune IlosicHeHue
1 CooTHolLIeHHEe CTOPOH 4 PR .
(Aspect ratio) b / \
F
i =max] L
Aspect ratio b
2 Acummetpust 125
(Skewness)
Skew angle = Z|F—¢3'J|
3 Kopobnenue 15
(Warping) 2 I\
Warping Angle = maxg,.¢,)
4 MunnuManbHas UIHHHA 4
(Min Length) i j Q
I
\
Minimum length = min(/,)
Maximum length = Max(},)
5 MaxkcumaibHas JJInHa 15 Cum. 4
(Max Length)




6 | MuHUMAIBHBIN YTOJ IS 40
KBaJpaTHBIX DJIEMEHTOB < \/
(Min angle quads)

Angle = leu. = 'mj < Fm.u:

7 MakcumanbHBIA Yo 140 Cwm. 6
JUTSL KBJPATHBIX
JJIEMEHTOB
(Max angle quads)

8 | MuHUMAaIBHBIN YTOJ I 30 CwMm. 6
TPEYTOJIbHBIX JIEMEHTOB
(Min angle trials)

9 MaxkcuManbHbIN yro 120 Cwm. 6
JUISL TPEYTOIBHBIX
HIIEMEHTOB
(Max angle trials)

10 | IIpoueHT TpeyroiabHbIX 10 [TpotieHTHOE COOTHOILICHUE TPEYTOIBbHBIX
AIICMEHTOB 3IIEMEHTOB OTHOCUTEIBHO
Triangles, % YETHIPEXYTOJIbHBIX

5. TlpoBenenue BUpPTyaabHbIX HcnbiTanmii: FOPS/ROPS.

HcnpbiTanus yeTpoiicTBa 3aluThI 0T nagaomux npeameros (FOPS) Tpakropa.

HopmaTuBHBIM JOKYMEHTOM INpHU NPOBEIEHUHM BHUPTYaJIbHBIX HCIBITAHUN YCTpoWcTBa
3alIMTHl OT TMAJAMONIMX MpeAMeToB sBisiercss [6]. B mabopaTOpHBIX yCIOBHSX JIaHHBIC
UCTIBITAHUS TIPOBOJAT IyTeM cOpachlBaHUS CTAHIAPTHOrO MpeaMera (MHIEHTOpa) 3aJaHHON
(OpMBI 1 MacCCHI C OTIPEACTICHHON BBICOTHI.

VYposenb | 3amutsl oT npoHukHoBeHus (level I impact protection): CompoTuBieHue
yiapy OT HeOOJbIIMX NaJaIuX OOBEKTOB (Hampumep, KUpIuya, HEOOJbIIMX OETOHHBIX
0JIOKOB, PYyYHOTO MHCTPYMEHTA) Ha JaHJAQTHBIX y4acTKax PacyUCTKH, Hpu paboTax Ha
MarucTpajisix M JIPyrux paborax mo oOCIyXHUBaHUIO. YpoBeHb Il 3amuThl OT MPOHUKHOBEHUS
(level II impact protection): ConpoTuBiIeHHME yaapy OT OOJBIIMX NaJAIOIIMX OOBEKTOB
(HampuMep, NepeBbEB, KYCKOB TOPHOW MOPOJBI) /IS MAallMH Ha YYacTKax pPACUYHUCTKH, TPU
necopaspabotkax. [TapameTpbl HCIIBITaHUI TPUBEIEHBI B TAOIUIE 3.

Tab6auna 3 — [MapameTpsl HCNBITAHUIN

ypOBeHL 3alllUThI OoT HapaMeTpLI CTaAaHAApPTHOTO MPEAMCTA

IIPOHUKHOBEHHS ®opma Macca, kr Beicora

cOpachIBaHMs, M

YpoBenb 1 3amurhl OT | Kpyrias 45 3,1
NPOHMKHOBEHHS
Yposenn Il 3amuThl OT | HUIMHAPUYECKas 227 5,22

NMPOHUKHOBCHUSA




B cootBerctBum ¢ ganaeiM 'OCTom paccmarpuBaeTcs majeHUE WHIASHTOpAa Maccon 45
Kr ¢ BbICOTHI 3,1 M M uHAEHTOpa Maccod 227 kr ¢ BbicOThl 5,22. Tak kak BTOpoOM ciyuait
SBJISICTCSL OOJiee OTMacHBIM, Jlajiee B HAcTosIIeH padoTe OyaeM paccMarpuBaTh MMEHHO ero. Ha
PUCYHKE 5 MOKa3aHO PACIIONIOKCHUE WHACHTOPA OTHOCUTEBHO KPBIIIH KaOWHBI TpakTopa. [Ipu
IPOBEICHUH UCCIICIOBaHM B KabuHe TpakTopa pacronoken DLV (deflection limiting volume),
UMUTHPYIONINI omepaTopa TpakTopa. B HaTypHBIX MCTIBITAHUSAX YCTAHABIMBACTCS aHAIOTHYHAS
KOHCTPYKIIHS.

Puc. 5 - Pacnonoxenne HHJACHTOpPA OTHOCHUTCIIBHO KPbIIIN KaOWHBI

B nanHOM pacyéTHOM Ciiydae MakCHMAJbHBIC TIEPEMEIICHHSI KPBIIIN KaOWHBI COCTABHIIH
106 mwm (Puc. 6).

>106,699
96,029
a5.35%91
74.6892
64.0193
B 53.349%4
426795
32.0097
213398
10.6699

<0

Puc. 6 — CymmapHbIe IepeMeIIeHust BO BpeMs y1apa, MM.

[Ipn HaHeceHWM WCIBITATEIBHOTO yaapa B TOYKE pACHOJOKEHHOW HajJ TOJOBOU
omieparopa WHIAEHTOPOM Maccoil 227 Kr ¢ BBICOTHI 5,22 M, AedopMHpyeMble KOHCTPYKITUU
HapymaT npoctpanctBo DLV. IlenTpansHas npoposnbpHas Oanka Kpslw npoHukaer B DLV
npuMepHO Ha 7 MM. B pesynmbrarte uwero meHTpanbHas Oajka KpBIIIM Oblla yCHIICHA, W TPH
MOBTOPHBIX BUPTYAIBHBIX UCIIBITAHUSIX TPOTUO YMEHBITHIICS Ha 12 MM.

6. HUcnbiTanus ycTpoiicTBa 3ammThl oT onpokuabiBanus (ROPS) Tpakropa.



BupryanbHbie HCIIBITaHUS TIPOBOJISITCS B COOTBETCTBUH C [7]. B mabopaTtopHbIX yCiIoBUsIX
npoyHocTh ROPS mpoBepstoT NpUI0KEeHUEM CTATUYECKON CHIIBI U CTATUYECKUMU UCTIBITAHUSIMU
Ha C)KaTUE, HMMUTUPYIOLIMMHU Harpy3ku, KOTOpble MOryT Bo3neicTBoBaThb Ha ROPS mnpu
IIEpeBOpOTE TPAKTOpa Hazaj, Brepex HIM BOOK 0e3 cBoOoxHoro mnaaeHus. McnbiTanus
MO3BOJIAIOT OLEHUTH MPOoYHOCTh ROPS 1 351eMEHTOB €ro KperieHust K TpakTopy, a Takke JyacTeil
TPaKTOpa, Ha KOTOPbIE MOXKET IepeiaBaThcsa Harpy3ka oT ROPS.

CornacHo manHomy ['OCTy paccMmarpuBaeTcsi HECKOJIBKO PACUETHBIX CIIy4aeB Harpy:KeHUs
KaOuHbl TpakTopa.  Ha pucynkax 8, 9, 7 mpuBeIeHbI CXeMBbl IPUIIOKEHUS HArPY3KU JUIs MSTH
pacuéTHBIX cilydyaeB HarpyxkeHus. [Ipu npoBeneHNN BUPTyalbHBIX UCIBITAHUI KCIIOJIB30BATIOCH
HaNpsOKEHHO-I€(OPMHUPOBAHHOE COCTOSIHME KOHCTPYKLMH, IIOJY4EHHOE Ha Npeablaylei

I/ITepaHI/II/I.
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Puc. 7 - Ilpunoxenue cuibl cOoky, rae 1 - SIP; 2 - Touka npuioskeHus cuibl cOoKy; 3 -
negopmanus o BO3AeHCTBUEM MPUIIOKEHUS CUIIbI ¢3a]1U; 4 - IPOJ0IbHAs INIOCKOCTh

CUMMETpUU; 5 - cuia cOOKy
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Puc. 8 - [IpunoxxeHue CuiIbl cepean NPUIOKEHUS CWJIbl  C33aad WU
n c3amn, tme 1 - cmia c3agm; 2 — CIIepe.In.

KOHTpOJIbHAsI TOUKa cusieHbs (SIP); 3

- cwiia cnepeau; 4 - To4yka BTOPOro

NPUIOKEHUS CUJIbI CHEpEelnd WU Puc. 9 - Cxema mnpuioxeHUs
c3amu; 5 - TPOJOJIbHASI THIOCKOCTh Harpy3Kd TpU HUCHBITAHHSIX Ha

cuMMeTpuu; 6 - TOYKa MEpPBOTO ckatme, rame 1 - cwmima; 2 -



YHMBEpCaJIbHBIA  WIapHup; 3 -
TUJIPOLMIIMHAP; 4 - ONOphl MOJ
IepeaHe W 3aaHed ocsiMH; S5 -
Harpyskaromias 6amka

[IpoBeneHO NATH BUPTYaIbHBIX MCIBITAHUN YCTPOMCTBA 3aIUUTHI IIPU ONPOKU/IBIBAHUMU.
ITocenoBaTeaIbHOCTh IPOBEAEHHBIX UCIIBITAHUMN:

— Ilpoepka mnpounoctu ROPS mnpu TOpU30OHTAIHPHOM HArpy)KeHUH CIIepeau
(mpononbHOe HarpyxkeHue). Cxema MPHIOKEHHS Harpy3Kd H300pakeHa Ha
pucyHke 8.

— IlIpoepka mpounocty ROPS npu mnpunoxeHuM BEPTHKAIBHOW HArpy3ku B
nepeaHer yacTu (TepBoe UCIBITaHUE Ha ckaTe). CXxema MPHIOKEHHS Harpy3KH
n3o0pakeHa Ha pucyHke 9.

— IlIpoBepka mpounoctu ROPS mnpu ropusonTampHOM HarpyxeHHH (O0KOBOE
HarpyxeHue). Cxema nNpuIokKeHHs Harpy3ku u3o0pakeHa Ha pUCyHKe 7.

— IIpoBepka npounoctyt ROPS npu npusioxeHuN BEpTUKATBLHOM Harpy3KH B 3aHEH
gactd (BTOpoe WHcCHbITaHME Ha cxatue). Cxema MNPUWIOKEHHUS Harpy3Ku
n300pakeHa Ha puUcyHKe 9.

JIONOJMHHUTENBHO TPOBENEHO HCIBITaHHE mpoBepkd mnpounocth ROPS  mpum
TOPU30HTAJILHOM Harpy>KeHUM c3a7u (IpOoJ0JIbHOE HArpy>KeHHE), TaK KaK pa3BecOBKa TPAaKTOPa
o ocsiM 50x50. Cxema HarpyXeHus U300pakeHa Ha PUCYHKE 8.

bpycom (640x110 wMm) Kk KkaOuWHE TpaKTOpa NPUKIAABIBACTCS PaBHOMEPHO
pacmpesieieHHas JIMHEMHO Bo3pacTaromias Harpyska. Harpyxkenue ocraHaBiIuBaeTcs Mpu
JIOCTH>KCHHUH TOTJIONIEHHON YHEPTUU:

Ei, =14m,
,
rae M- pacueTHast Macca Tpakropa, 23000 kr.
Ha pucynakax 10-14 mnpuBeseHbl CyMMapHbBIE TI€peMEUICHHS KOHCTPYKIUH U
HKBHUBAJIEHTHBIE HANPSOKEHUs T0 Mu3ecy Ipu pa3InyHbIX HArpyKEHUSAX B MOMEHT BPEMEHH, Ha
KOTOPOM JIOCTUTAETCs TpeOyeMoe MOTJIOIEHHE SHEPTUH.



Puc. 10 — Pe3ynpTaT BUPTYaJIbHOTO UCTIBITAHUS TIPY TOPU3OHTAIBHOM HarpyXeHHUHU CIIepen
(mpomonbHOE HArpyXeHHe).a — CyMMapHbIe NepeMelleHus, MM; O — SKBUBaJICHTHbBIE
HanpspkeHus no Musecy, MIla

P
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Puc. 11 — Pe3ynbraT BUPTYaJIbHOTO UCIIBITAHUS IPU PUIOKEHUU BEPTHKAILHOW Harpy3ku B
nepeaHel yacTu (epBoe UCIIBITAHUE Ha CKAaTUE).a — CYMMAapHbIE MepeMEIIeHUs], MM; 0 —
SKBUBAJICHTHBIE HaNpsKkeHus 1o Muzecy, Mlla
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Puc. 12 — Pe3ynbTar BUPTYaIbHOTO UCIIBITAHUS TIPU TOPU3OHTAILHOM Harpy:keHuu (00KoBoe
Harpy’>ke€Hue).a — CyMMapHble MIepeMEIIeHNs, MM; S9KBUBAJICHTHbIE HAPSXKEHUS 110
Muszecy, Mlla



166,463

124,862

83.24916

416208

a

Puc. 13 — Pe3ynbraT BUPTYaJIbHOTO UCIBITAHUSI IPU NPUIOKEHUN BEPTUKAIBHOW HAarpy3KH B
3aJHel 4acTH (BTOPOE UCTIBITAHNE HA CKATUE).a — CyMMapHBIE TIEpEMEILICHHS, MM;
0 - SKBUBaJICHTHBIE IIepeMelieHus no Muszecy, MlIla
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>480.307

432.367

IBAT26

288.244

230209

192.163

144,122

96,0815

480407
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Puc. 14 — Pe3ynbTaT BUPTYaJIbHOTO UCTIBITAHUS NIPU TOPU3OHTAIBHOM HArpy>KEHUH C3a1
(mpoonbHOE HArpyXeHHUE).a — CyMMapHbIe NepeMEILECHUs, MM;
0 - SKBUBaJICHTHbIE NepeMeleHus no Muszecy, MIla

7. ComnocraBjeHue JaHHBIX HATYPHBIX H BUPTYAJbHBIX HCTIBITAHUI.

HcnbiTarenbHOl 1abopaTtopueil cpecTB MeXaHU3alul U TpaHCIopTa ObUTH MPOBEIEHBI
cepTHU(UKAIMOHHBIE HUCTBITAHUS YCTPOMCTBA 3alIMTHI OT magatounmx mnpeameroB (FOPS), a
TaK)Ke yCTpoicTBa 3amuThl 0T onpokuasiBanus (ROPS) kapkaca kabunsl monenu Y JIM?2 Ilerpa-
3CT, cootBerctByst 'OCT P UCO 3449-2009, yposens |l (puc. 15).



Puc. 15 - oOmuii BUA 3alIUTHOTO YCTPOMCTBA (KapKaca KaOMHbBI) a)B MOMEHT MPUIIOKECHHUS
Harpy3Ku, 0) mocse 3aBepIIeHUs] HarpyKeHUs

B Tabnuue 4 npuBeaeHO CpaBHEHUE PE3YIbTaTOB HATYPHBIX U BUPTYAJIbHBIX UCIIBITAHUI.

Ta6auna 4 — CpaBHeHHe HATYPHBIX U BUPTYaJbHBIX HCNIBITAHUT

Pacuérnslii cityuaii BupryanbHble Hatypnslie ITorpemHocts, %
UCTIBITAHUS, MM UCTIBITAHUS, MM

FOPS, Vpogess I 90,28 88,16 2,40

ROPS, IIpononsHOE 44,55 45,20 1,40

HarpyxeHue

ROPS, IlepBoe 56,23 59,11 4,87

MCIBITAHUE Ha CKATHE

ROPS, BokoBoe 40,45 42,50 4,82

Harpy’>keHue

ROPS, Bropoe 148,60 146,90 1,15

VCIBITAHUE Ha CKATHE

ROPS, IIpononsHoe 65,51 67,74 3,29

Harpy’>keHue

8. BrIBOaBI

bnarogapss mpaBuibHOMY BBIOOpY MOJENM MaTepuanga, TOYHOMY MOJEIHUPOBAHUIO
TEOMETPHH W PACYETHBIX CIy4acB, BBICOKOMY KadeCTBY pa30WCHHUS CETKH, a TaKke
ucnonp3oBaHuto TexHojoruu 1o ydery HJIC xonctpykumu ROPS, mnomydeHHoro Ha
NPEIBIIYIIeM JTale BHUPTYaTbHBIX HCIBITAHWNA, TIOMYYCHBI PE3YJIbTaThl MaKCHMaJIbHO
npuOMIKEHHBIE K pe3ylbTaTaM HATYPHBIX HUCHbITaHUN. [lOTpemHOCTh BBIYKCICHHH HE
npesbimaer 5%. OTcroga clieAyeT, 9To MPH IMOMOIY KOMIBIOTEPHOTO MOJICITUPOBAHUS MOYKHO
co3maTth Hauboiee ONTUMAlIbHYIO, MPOYHYI0 M OE30MACHYI0 KOHCTPYKIIHIO, TEM CaMbIM
YMEHBIIIUTH KOJMYECTBO HATYPHBIX UCIIBITAHUH.

baarogapuoctu

PaGora BeImonHsieTcs mpu PUHAHCOBOM monanepkke MwuHOOpHayku Poccum B pamkax
OIIT "UccnenoBanus W pa3pabOTKA TO TPHOPUTETHHIM HAINPABICHUSM pPAa3BUTHUSI HAYYIHO-
TexHosornueckoro komiiekca Poccun Ha 2014-2020 roast", Meponpusitue 1.3., Cornamienue o
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