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Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of geology and technical
sciences in the Emerging Sources Citation Index demonstrates our dedication to providing the
most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacbl ¥nmmebiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonoausi xoHe
MeXxHUKarbIK FbifibiIMOap Cepusicbl” fbinbIMU XypHanbiHbiH Web of Science-miH xaHanaHfaH HyckKachbl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapnaldbl. byn uHdekcmeny
b6apbicbiHOa Clarivate Analytics kommnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke Kabbinday moceneciH
Kapacmebipyda. Webof Science sepmmeywinep, asmopnap, bacnawhbinap MEH MeKeMesiep2e KOHmMeHm
mepeHOiei meH canacblH ycbiHaObl. KP YFA Xabapnapbi. [eonoeusi xoHe mexHUKasblK fblibiMOap
cepusicel Emerging Sources Citation Index-ke eHyi 6i30iH KoramOacmabiK yWiH eH e3ekmi xoHe 6edesndi
2eo0rs102usl XoHe mexHuKarnbIK fblribiMdap 6olbiHWa KOHMeHmke adandblfbiMbi30b! 6ir1dipedi.

HAH PK coobwaem, ymo Hay4HbIl xypHan «3gecmusi HAH PK. Cepusi 2eonoauu u mexHU4eCKUxX
Hayk» bbln npuHsam 0Onsa uHdekcuposaHusi 8 Emerging Sources Citation Index, obHoeneHHoul sepcuu Web
of Science. CodepxaHue 8 amomMm uHOeKkcuposaHuU Haxodumcsi 8 cmaduu paccMompeHuUsi KomnaHueul
Clarivate Analytics Ons OanbHeliweao npuHsamus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadecmeo u enybuHy KoHmeHma Ons uccriedosameriel, asmopos, u3damernel U y4dpexoeHud.
BknoyeHue Useecmusi HAH PK. Cepusi eeonoeuu u mexHudeckux Hayk e Emerging Sources Citation
Index demMoHCmMpupyem Halwy NpueepXeHHOCMb K Haubonee akmyasbHOMY U 8/1USIMESIbHOMY KOHMEHMY
10 2e0/102UU U MEXHUYECKUM Haykam Orisi Hawezao coobujecmea.
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METHODOLOGY FOR CONDUCTING VIRTUAL TESTS
BY CREATING A FINITE ELEMENT MODEL
OF ROAD SAFETY FENCING

Abstract. In this paper, we formulated the concept of the process of hitting a car on a fence as a movement
along a curved trajectory with a certain radius of curvature. Special attention was paid to the contact of parts of
different stiffness (when modeling the fence, these are ground-stand contacts), since the stiffness of the spring added
to the contacting surfaces directly depends on the stiffness of the bodies being contacted. When soft bodies contact,
its rigidity may be small, which can lead to instability of the solution. Also, the critical deflection of the fence (the
transverse deflection of the fence, equal to twice the value of the console departure), after which the beam is
inevitably lowered along with the deviated posts and the vehicles move over the fence.

Keywords: fence, safety, simulation, method, rack, console, beam, strength, test, car, finite element, construc-
tion, virtual analysis.

Initially, it was assumed that the retaining capacity of the fence should be provided by the strength of
the posts, and the beams should work in elastic deformation with a small deflection.

The first works devoted to the problems of designing road barrier fences appeared in the 1960s.
Among foreign studies, the first published works were Moore R. L., Jehu V [8].

In this paper, we formulated the concept of the process of hitting a car on a fence as a movement
along a curved trajectory with a certain radius of curvature. V. Giavotto [9] proposed the principle of
equality of the kinetic energy of the movement of the car and the work of the deformation of the fence. In
Giavotto, as already mentioned above, he proposed a scheme for two-stage work of the fence created by a
passenger car (first stage) and a heavy vehicle (second stage). M. Graham [7], analyzing the test results,
proved the need to take into account the permissible overloads of passengers when the vehicle hits the
fence, which later became one of the main criteria for the safety of the fence.

In Russia, the issues of designing and calculating road fence structures were considered in the works
of V. I. Shestikov [10], B. M. Eliseev [11], E. E. Gibshman [3], P. K. Malinin [12], V. A. Karo-Made [13],
V. P. Zaluga [14], V. V. Astrov [1].

The proposed methods contained a significant number of assumptions. So, Jehu V. I considered the
vehicle as an absolutely rigid point. The methods of V. I. Shestikov [10] contain numerous empirical
coefficients, which makes it possible to use the method only for a certain construction of the fence.

The method proposed by V. A. Astrov [2] can be considered the closest to the real situation, according
to which the retaining capacity of the fence is determined by the sum of the work of bending its beam,
bending the posts and tension of the beam. The main achievements of this technique should be considered:

a) determination of the critical deflection of the fence (the transverse deflection of the fence, equal to
twice the value of the console departure), after which the beam is inevitably lowered together with the
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deflected posts and the vehicle moves over the fence. Thus, in order to prevent lowering of the beam in
case of supercritical deflection, it is necessary to separate it from the struts. This idea was the beginning of
the development of detachable consoles (CO);

b) the development of criteria for the quality of the fence, which allows:

- simplify the visualization of the fence on the general background of the road;

- make an assessment of the minimum height of the fence, which is a condition for preventing the car
wheel from moving over the fence;

- determine the distance between the lower part of the beam and the road surface, preventing the
wheel of a passenger car from entering under the beam;

- ensure that the vehicle does not directly interact with the racks.

However, the proposed method does not allow us to determine all the necessary consumer safety
characteristics of road barriers (BDO) - the values of the dynamic deflection and the working width of the
fence [4, 6],

All the calculation methods discussed above are largely based on empirical and semi-empirical
models, which does not allow us to transfer the results and conclusions to other constructions. These
methods do not consider joint deformations of the entire system — beams, posts, consoles, soil, road
surface structure, friction between the vehicle and the fence, etc. [4].

Numerous developments carried out in a number of countries, primarily in the United States and
Canada [9] We have shown that the most acceptable tool for computational analysis for road barriers is the
finite element method (FEM), and the possibility of its application to this problem appeared only with the
development of powerful computational systems for engineering analysis, such as LS-DYNA, ANSYS,
ABAQUS, MSC.Software. A special feature of the calculation problem is the need to consider the
collision of a deformable body (TC) with a deformable fence system, and the problem is essentially
nonlinear and is associated with the consideration of fast-flowing processes.

The use of methods of numerical nonlinear analysis of the dynamics of the processes of collision of
deformable bodies allows us to conduct studies that take into account all the features of the materials and
structures of the fences themselves, their location on the road and the design of the road surface. Now it is
possible to simulate full-scale tests and, together with the data from these tests, to be able to effectively
solve the problems of selecting and installing fences [16, 18]. Currently, foreign publications contain a
significant amount of data on such virtual analysis, they study the collisions of various vehicles, various
fence designs, the behavior of fence installation elements in the ground and on the road surface, and
conduct research on the choice of the optimal location of the fence on the roadside and on the dividing
strip [17]. However, the application of this approach for domestic BDO structures required the
development of simulation techniques, taking into account the specifics of materials and structures, and,
most importantly, determining the scope of virtual tests in the road fence certification system, developing
appropriate regulatory requirements and implementing these techniques in the domestic practice of
designing barrier road fences.

The main structural elements of road safety fencing (BDO) are racks, consoles and beams. A three-
dimensional 3D model of the BDO structure is shown in figure 1. A geometric model can be created in
any CAD system. The considered structural elements of BDO are thin-walled profiles, the thickness of
which is much smaller than other sizes, so it is advisable to model them with shell elements. The shell
from the 3D model is most easily obtained by selecting the median surface.

The next step is to create a finite element grid (KES) The success of the calculation is mainly
determined by the quality of the grid. When creating the CES, regular grids were used, which better reflect
the shape loss during deformation, and also significantly reduce the calculation time compared to irregular
grids (figure 2) [17].

The smaller the grid, the more accurate the calculation results will be, but it must be taken into
account that for the stability of the solution in explicit methods, the time step must be less than the time of
the perturbation wave passing through the element, and this time directly depends on its size. Therefore,
reducing the size of the element leads to a significant increase in the duration of the process (without
changing other parameters). On the other hand, a rough grid may not show the correct shape of the part's
deformation or a sharp change in stress in the area under consideration. Numerous calculations have
shown that for the main structural elements, the optimal KES is 20x20 mm [16].
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beams

consoles

rocks

a b

Figure 1 — BDO design Figure 2 — Grid types: a —regular, b — irregular

The construction of the KES console-shock absorber and rack fully corresponds to the construction of
the beam stack. CE models of the main structural elements of the fence are shown in figure 3.

In the process of collision with the vehicle, the fence elements experience plastic deformations. In the
LS-DYNA CE complex, there are a large number of different material models (more than 200). For BDO,
the most optimal material is MAT 024 [22], its formulation will be discussed in more detail below.

a b

c

Figure 3 — CE-models of structural elements of the barrier fence:
a —beam; b — console shock absorber; ¢ — rack

Model implements the Prandtl-Reiss material model [18], which describes the behavior of metals in
the case of a complex stress state under elastic-plastic deformations. The deformation curve is approxi-
mated piecewise-linearly: the deformations are divided into segments and it is assumed that the plastic
modulus is constant on each of these segments. Hardening in the MAT 024 material occurs only due to
the rate of deformation. The MAT 024 model allows the use of isotropic or kinematic hardening, but in
this work they were not taken into account due to the small cycle of the processes. Let's consider the basic
equations describing the work of the material.

Deformations in the material are divided into elastic, which are removed after the load, and plastic -
irreversible. Therefore, the total increment of deformations can be represented as:

de;j = defj + delpj , (1)

where de;e — elastic deformations; de;? — plastic deformations.
The increment of elastic deformations is found from Hooke's law. To formulate the general system of
equations, we use the form of Hooke's law in terms of the first stress invariant I1 and the stress deviators;;:

1 1
Eiej =§116ij+55ij, )
where K is the volume modulus of elasticity; G is the shear modulus; §;; — Kronecker delta.

This form of Hooke's law is convenient from the point of view of numerical methods, since in most
modern programs the hydroscopic and deviatory parts of the stress are calculated separately.
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If the stresses fall on the surface of the material's flowability, then in addition to elastic deformations,
plastic deformations begin to accumulate.
The yield surface of the material * MAT 24 is determined by the Mises equation:

fUz) =], — k? :%Sijsij_kz =0, (3)

where J, = 0.5%s;* s;; — the second invariant of the stress deviator, k, is the material constant associated
with the yield strength.

According to the Prandtl-Reuss theory, the direction of the increments of plastic deformations is
perpendicular to the yield surface (figure 4).

a
point on the yield surface

tangent to the
yield surface

yield surface

(f=0)

elastic plane

Figure 4 — Increment of plastic deformations in the flat case

The values of the increments of plastic deformations are derived from the associated flow law, and it
is assumed that the yield surface coincides with the function of the plastic potential. Therefore, given the
Mises flow surface, the flow surface takes the following form:

P _ of _
where dA — scale factor, s;- the maximum deviator stress.
The scale factor dA is found from the rate of plastic deformation:

_ AWp _ Smn*demn
A== 2z )
where demn — deviator of the strain tensor.
To get the incremental ratios *MAT 24, we substituteequations (2), (4), (5) in equation (1). The
general relation takes the form:

Equation (6) relates the increment of deformations to the stresses at each step for the MAT 024
material. The first step of the program is using the above equations and knowing the current value of the
hydrostatic pressure 11=3p and the stress deviators;;, allows you to find the total increment of defor-
mations de;;. In the second step, using finite-difference schemes, we obtain the deformed state at time t+1.
At the third step, knowing the deformations, the position of the medium at time t+1 is determined, after
which the stress state is recalculated, and the process is repeated from step 1.

The yield surface is modified depending on the rate of plastic deformations by changing the material
constant k. In * MAT 24, the Cooper-Symonds hardening model is adopted as a function of the strain rate
€ij:

1
€ij =
B=1+CDr, ©)
where p, C — experimental hardening constants.
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Taking into account the law of strengthening, the von Mises yield surface-formula (3) takes the form:

fU2) =2=Bk. ®)
The possibility of destruction was set in the model. Destruction in the material occurred when
equivalent plastic deformations occurredeachieved fracture deformations €y:

€E=€ f-
The fracture deformations were determined experimentally. If the equivalent deformations in the

element reach the fracture deformations, then the element is removed.
The map of the MAT 24 material model and the deformation diagram are shown in figure 5.

400 | | T T
350+ A - s
< i |a
=
‘S 300 | A | | "
1%]
[}
o L A
2
[s] A
> 250+ .
A
A
200 A 1 I 1 I 1 E 1 : 1
0 0.05 0.1 0.15 0.2

deformations
Figure 5 — St 3 material deformation diagram for MAT 024

The soil is a loose medium, the particles of which rub against each other. When the material is
hydrostatically compressed, it becomes more difficult for the soil particles to move relative to each other,
and the overall strength of the soil increases. Therefore, when describing the behavior of the soil, it is
necessary to take into account the first stress invariant, which characterizes the hydrostatic compression of
the material. In this case, the material *MAT 005, described by Craig [17], was used to model the soil.

f(I1,J2) = Ja— [ao+ awp + a2p®] =0, ©)

where p — hydrostatic pressure; ao, a;, a, — constants of the material.

To obtain incremental relations that relate stresses and deformations, we use the same approach that
was used to derive the relations for * MAT 24. The main prerequisites will be the division of the total
stress tensor into elastic and plastic components. Using formulas (1), (2), and (4), we obtain:

— dee p _dh s o dSij 99
de;j —dEl-j-l-dé'ij = ok 8;j + o +dla/1ij’ (10)
To obtain an incremental model, it is necessary to find the flow surface g and the scale factor dA.
The material model * MAT 005 is based on the associated flow model, so the flow surface f

coincides with the flow surface g. We find the derivative of the yield surface with respect to plastic
deformations, the first invariant of the stress tensor, and the second invariant of the stress deviator:

of _ 1 2
a0y (Sij - §a15ij - §a2p5ij);
of __ 1 _2 .
al, 3a, 911a2,
of _
Von = 0. (11)
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To find the scale factordA, we use the general formula [29] for isotropic materials:

af G af
3K*d6kk(a—ll)+(E)*(am)*smn*demn
a a '
9K*(a—1f1)2+G(ﬁ 2

dA =

(12)

To find the scale factor, we substitute equations (11) into equation (12). After substituting the result
into formula (10), we get the general incremental relations for the MAT 005 material.

The contacts between the elements were set by automatic single surface contact [17]. Special
attention was paid to the contact details of different stiffness (in the simulation fencing is groundstone
contacts), since the spring stiffness to be added to the contact surfaces, depends on the stiffness of the
contacting bodies. When soft bodies contact, its rigidity may be small, which can lead to instability of the
solution. To solve this problem, contact shells from MAT 009 are added on top of the contact body. When
modeling the BDO of the bridge group, the reinforced concrete base was modeled with solid-state
elements without the possibility of destruction. These assumptions were introduced after analyzing the
protocols of field tests of BDO, according to which the reinforced concrete base does not collapse, the
separation of the struts occurs when the anchor pins break.
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'JI. B. Tonuapos aTeiaaars Kazak aBTOMOOHIB-KOJI MHCTUTYTHI, Anmatsl, Kaszakcran;
2 JIorucTHKa %oHe Kollik akageMuschl, Anmarsl, Kazakcran;
3 Axanemuk K. CorGaes ateinmarsl ExiGacTy3 HEKEHEPIIK-TEXHOIOTHSUIBIK HHCTUTYTH, Kasakcran;
“Mockey aBTOMOOHIIB-XKOJI MEMIIEKETTIK TEXHUKAJIBIK, yHHBEPCHUTETI, Peceit

BUPTYAJIAbI CBIHAKTAPBI )KYPI'I3Y 9 IICTEMECI KOJI KOPIIAYJIAPBIHBIH
KAYHICI3IK MOJAEJITHIH COHF'bI JIEMEHTTEPIH ’KACAY 911CI

AnHoTtanusi. JKyMpICTa aBTOMOOMIIBIIH KOpIIAyFa COKTHIFBICY MPOIEC KUCHIKTBIKTBIH Oenrimi Oip paanycel
MEH KHCBIK CBI3BIKTBI TPAeKTOpPHsi OOWBIMEH KO3Faly TYpasbl HACSIAp TYXKBIPBIMAAIIBL. OPTYPIi KATTBUIBIKTAFbI
OenmekTepaiH OalaHBICEIHA €peKIle Hazap aydapbUInbl (KOpIIayIOsl MOIENbICY Ke3iHIe — OYJI TOMBIPaK-TipeK
Ty#icreci), eTkeH1 TYHiCy OeTTepre KOCBUIFaH CEpiNIieHiH KaTTBUIBIFBI TYHICY ACHENepAiH KaTThUIBIFbIHA TiKeIeH
OaiinmanpIcTh. JKyMcak JeHenepMeH OaiianbicTa OOJIFaH Ke3[le OHBIH KATTBUIBIFEI a3 OOTYbl MYMKIH, OYT IIETIiMHIH
TYpaKChI3bIFbIHA oKenyl MyMKiH. CoHpiaii-ak, OLTiKTep KOpIIayAblH KPUTHKAJIBIK aybITKYbIH aHBIKTa bl (KOHCOJIBIiH
IIBIFAPBUTYBIHBIH €Ki ece MeJIIepiHe TeH KOpIIAyAblH KeJNJEeHEH aybITKybl), COOaH KeWiH KucalifaH aybITKbIaH
TipeKTepMeH Oipre TYCyi )KoHE KoK KypalIapblHbIH KOPIIAY apKbLIbI aCBII OTY1 CO3CI3.

Tyiiin ce3mep: Kopiuay, Kayinci3aik, MOAENbICY, dJIC, TIpeK, KOHCOJIb, OEPIKTIK, CHIHAK, aBTOMOOHIIb, COHFBI
SJIEMCHTTEP, KYPBUIBIC, BUPTYAJI bl TaJlAAy.
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METO/IUKA IIPOBEJIEHUS BUPTYAJIBHBIX HCIIBITAHAA METO/I0M CO3JIAHUS
KOHEYHbIX JIEMEHTOB MOJIEJIM BE3OITACHOCTH JTOPOYKHBIX OT' PAKJIEHUM

AnHoranus. B paborte 6pu chopMyTHPOBAHEI TPEACTABICHUS O TPOIECCe Hae3la aBTOMOOWIS Ha Orpax-
JICHHE KaK O JBIKCHHH 110 KPHBOJIMHEWHOI TPaeKTOPHH C ONpPEIEICHHBIM paliycoM KpHBU3HEL Oco00e BHUMAHHUE
OBUIO yJeJIeHO KOHTAKTY JeTajedl pa3HOH KEeCTKOCTH (IPH MOJCIHPOBAHMH OrPAXKICHHUS — 3TO KOHTAKTBHI IPYHT-
CTOMKa), TaK KaK )KECTKOCTh NPYKUHBI, 100ABIIEMON K KOHTAKTUPYIOIIUM HOBEPXHOCTSM, HANPSIMYIO 3aBUCHT OT
’KECTKOCTH KOHTAKTHPYeMbIX Tell. [Ipi KOHTaKTe MATKHUX Tell €€ )KECTKOCTh MOXKET ObITh MaJa, YTO MOKET IIPUBECTH
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K HEYCTOMUYMBOCTH penieHns. Taxoke ObUIM ONMpeneNIeHbl KPUTUIECKUH MPOTHO Orpa)cieHus (TIOIepedHbil Mporud
Orpa)kKJCHUs, PaBHbBI YJBOSHHOW BEJIMYMHE BbUIETA KOHCOJH), IOCJIE€ KOTOPOTO HEU30EHKHBI ONyCKaHHe Oallku
BMECTE C OTKJIOHUBIIMMUCS CTOWKAMH U MIepee3]] TPAHCIIOPTHBIX CPEJICTB Yepe3 OrpakiCHHUE.

KuaroueBble ciioBa: orpaxaeHue, 0€301acHOCTb, MOJEIMPOBAHKE, METO/I, CTOMKA, KOHCOJIb, OaJIKa, IIPOYHOCTD,
HCIIbITAHUC, aBTOMO6I/le, KOHCYHBIX 3JICMCHTOB, KOHCTPYKI U, BHpTyaﬂbeIfl aHaJIu3.
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