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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
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 Pecrniybnukacbl ¥nmmbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonoausi xoHe
MeXxHUKarbIK FbifibIMOap Cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfaH HyckKachbl
Emerging Sources Citation Index-me uHOekcmernyze kKabbindaHraHblH xabapnaldbl. byn uHdekcmerny
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
Kapacmbipyda. Webof Science sepmmeywinep, asmopnap, 6acnawhbinap MeH MeKemesiep2e KOHmMeHm
mepeHOiei meH canacblH ycbiHadbl. KP YFA Xabapnapbi. [eonoeusi xoHe mexHUKasblK fblibiMOap
cepusicel Emerging Sources Citation Index-ke eHyi 6i30iH KoramdacmbiK yWiH eH e3ekmi xoHe 6edesndi
2eo0rs102usl XoHe mexHuKarnbIK fblribiMOap 6olbiHWa KoHMeHmke adandblfbiMbi30b! 6ir1dipedi.

HAH PK coobwaem, 4ymo Hay4HbIl xypHan «3gecmusi HAH PK. Cepusi 2eonoauu U mexHu4eCcKux
Hayk» bbln npuHsam O uHOekcuposaHusi 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 Usesecmusi HAH PK. Cepusi eeonoeuu u mexHudeckux Hayk e Emerging Sources Citation
Index demMoHCmMpuUpyem Hawy nNpueepXeHHOCMb K Haubosee akmyarbHOMY U 8/1USIMEIbHOMY KOHMEHMY
10 2e0/102UU U MEXHUYECKUM Haykam O5isi Hawezo coobujecmea.
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ICREASING THE RELIABILITY
OF THE AUTOGRADER METAL CONSTRUCTION
BY MODELING AND RE-ASSEMBLING
OF THE WORKING EQUIPMENT

Abstract. The auto grader is a road machine in which its working bodies always work under conditions of
critical loads on the metal structure and attachment points for components and parts. They are affected by hit, twist,
kink, static and dynamic loads. Developed in this work, the 3D model for determining the limiting states of metal
structures of the grader and mathematical model for determining the efforts arising on the working body and wheels
during the grader operation allow comparing new designs of auto graders with traditional serial ones and evaluating
the stress-strain state of their metal structures depending on the design positions.

The article presents a method for determining external power factors on the working body and the auto grader
engine and their influence on the stress-strain state of the metal structure of auto grader. This technique allows
finding and evaluate more realistic design positions and loads on the grader nodes in addition to already adopted.

Key words: auto grader, auto grader 3D model, auto grader mathematical model, auto grader stress-strain state,
calculated positions of the auto grader, additional calculated positions of the auto grader.

1. Introduction. The active development of transport infrastructure, the growth of construction of
residential and commercial real estate, increases the demand for road construction equipment. The need to
improve the design of newly created technology is due to fierce competition from the outside and the
desire to conform to the level of world technical progress. Therefore, the identification of new rational
forms and methods of fastening and the location of units and structures of road-building machines by
simulating their stress-deformable state is an important and urgent task.

The research results and solutions to this issue may be different, for example, the modernization of
existing equipment, made according to traditional mounting and assembly schemes, or the creation and
implementation of fundamentally new machines and equipment with better characteristics.

The purpose of the work is to optimize the design of the auto grader working equipment in terms of
reducing the load on metal structure.

Well-known research optimization design of bulldozers [2], which describes how due to optimal
location of the working equipment hinges of the bulldozers was achieved a significant effect from a
technical point of view, and from an economic one. The methodology of these studies was taken as the
basis of the newly developed algorithm for finding critical loads in the nodes of the auto graders metal
structure.

— 276 ——
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The effect of stress reduction is achieved by reducing the bending moments in the steel structure of
the grader, which is achieved by a certain arrangement of working equipment elements relative to other
nodes.

The research objective is to determine and reduce the operational loads on the metal structure of the
auto grader working equipment by rational re-assembling its units.

Arrange in the same plane, passing through the axis of symmetry of the turntable, the blade cutting
edge and the axis of hydraulic cylinder carrying out the pull frame (figure 1).

Figure 1 — Fastening scheme of the working equipment of the auto grader:
1- propulsion; 2 - podmotornaya frame; 3 - spinal beam; 4 - traction frame; 5 - turn circle;
6 - blade; 7 - hydraulic cylinders for raising / lowering the traction frame; 9 - hydraulic ram traction frame

The auto grader strength calculation is carried out according to the design provisions [1]. The search
for additional design positions is reduced to finding the maximum of the goal function. In general:
o = f(Xl,Xz, 'Xi—Tl' 'Xl)

where o — equivalent stress at the most loaded point of the section; X3, ..., X; — variables of external forces;
moments; parameters characterizing the position of the working body (cutting angle, angle of capture,
folding angle of the articulated frame, etc.).

In this case, the goal function is

o= f(PI'Pi'le'PyllPZI' "'rPxGIPyB'PZG'GZ' Gp'(ppt (pb'fk'm:n: a,,B,)/,H)
where G, — part of the auto grader weight, falling on the rear truck; G, — part of the auto grader weight,

falling on the front axle; fi — rolling resistance coefficient; ¢, — longitudinal traction coefficient; ¢, —

lateral adhesion coefficient; @ — angle of capture;  — angle of inclination; y — cutting angle; 6 — folding
angle of the frame; Pyq, Py, Pyy, ..., Pys, Py, Pzg —normal ground reactions of all wheels of the grader.

2. Materials and methods. To determine the position of the auto grader working body, it is needed
to calculate the reactions on its wheels. According to the existing standards, the calculation of the steel
structure of the auto grader for strength is made in three design positions, therefore, the reactions on the
wheels are found from the equilibrium equations of the spatial force system.

To solve the equations (figure 2), we write the following equations:

Oy:(pp*GZ—Gp*fk—Pl = 0;
0:R; +Ry =G, — G, =0;
My:Ry#(lp—m) =Ry *m+ G, *m — G * (I —m) = 0;
When solving equations in the program Mathcad, the research results are:
R, =102,5kN; R, = 43,5kN; P, = 65,5 kN.
After that it is needed to recountRy, Ron all wheel reaction Pyq, Pyq, Py, -, Pxe, Pye, Py
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Figure 2 — Estimated scheme of application of loads on the motor grader

The resulting equations do not take into account the force of inertia, because the influence of inertial
and static loads is spaced apart in time.

To confirm this, let us consider the oscillogram shown in figure 3, obtained during the experiment
with the impact of the grader’s blade into a hard obstacle [2].

Dynamic influence

s Static influence
MPa j\ =

153

- ——
s

1 2t

Figure 3 — Oscillogram of the impact by the center of the grader’s blade into an insurmountable obstacle

The oscillogram shows that when the grader dumps into an insurmountable obstacle, peak loads first
reach dynamic loads, and then the process of increasing static loads begins. They do not occur simul-
taneously, but one after the other. Thus, it is impossible to take into account the effect of static and
dynamic loads at a time. It takes into account their influence separately, and then choose which of them is
the most dangerous.

Inertia force is calculated using the formula:

P,=(kg—1)+exG, =43,5kN.

where € — adhesion coefficient.

Let us considering the calculation of objects only in statics insufficient, since it will be characterized
by low accuracy of the results obtained and the conditions reflected. When calculating in statics, the
change in the adhesion coefficient of the wheels to the ground, vibrations of tires, the resonance of the
structural elements, the mutual influence of the structural elements on each other, the redistribution of
loads under off-center loading and are not taken into account and etc.
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As an example, we will describe one of the drawbacks of such a static calculation. When the
calculation is carried out using the static equations, the reaction of the soil from the interaction with the
wheel is applied along the axis of the wheel, perpendicular to the support surface, but in reality this is not
always the case. Because of the irregularities of the support surface, the contact is different at each
moment of time and not always symmetrical, hence the reaction from this contact acting on the wheels is
often not directed along the axis of the wheel and not perpendicular to the supporting surface, as is the
case in an idealized situation.

3. Model. Taking into account the shortcomings of the traditional method, it was decided to create a
tool using the simulation in the MATLAB program, which would allow receiving the loads that occur
during the entire work, as close as possible to the actual conditions.

Objects of modeling: the profile of the support surface, working environment — soil, machine design,
engine, transmission, wheels, “driver”, machine operation modes — transport, technological and impact.
Below will be described only some of the presented model objects in detail.

4. Modeling of ground profile. Behavior of the machine during the impact depends not only on its
rigidity, the application place of the impact force, the magnitude of this force, but in most cases is
determined by the machine adhesion to the supporting surface. As already described above, the design
calculation in statics does not allow obtaining adequate values of support surface reactions and adhesion
coefficient values, because at each moment in time they are different in direction and magnitude, and
depends on many factors, one of which is the road profile.

The MATLAB program has a generator unit of a normally distributed random signal, each time a
program is started, a process called “white noise” is generated (figure 4a). From the blocks, a system of
first order differential equations (2) is assembled, which can be transformed into a second order
differential equation (1) [4].

Gp + 2% a, * Gy + b% *x qy = K * X[o,1) + b? * x[0.1] (1)
Z_);=K*b*x[o;1]_b2*q1
2)
d (
§=K*x[o;1]_2*%*q1+f
b* = af + B7; (3)
K = 4)
ay =z xv; By = Pr*v; (5)

where At — the time interval for which the car traveled the path; q; — ordinate of the road profile;
X[o;1] — White noise” with a mathematical expectation of zero and a variance of one; v — the machine

speed.

a b

Figure 4 — White noise (a) and the real profile at the filter output (b)

The solution of differential equations (2) allows obtaining the value of the ordinates of the desired
profile of the support surface (figure 4, b).
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The pink curve is obtained at the output of the second-order differential equation (from the shaping
filter), and the lilac line is transformation of the cross-sectional profile of the road surface due to
smoothing of disturbances (because the tire has its damping ability and contact patch of course). Those,
the signal passes through another differential equation (a filter simulating the smoothing ability). And the
model of the motor grader itself works taking into account the lilac line; it is the final result.

Thus, system (2) has the meaning of a shaping filter, which cuts a profile from the incoming signal -
white noise coming to it, in accordance with the given coefficients of the initial data. The initial data
determining the profile of the roadway: D is the dispersion of the roughness of the road surface, 1 is the
length of the track; a,, 5; - coefficients characterizing the degree of irregularity of the road profile.

5. Wheel modeling. When determining real loads (figure 5), there is always a mismatch between the
current and given speed in the mathematical model due to the fact that the support base profile is not
constant, and the resistance that occurs when wheels interact with the support surface will always be
different.

_ Z?:Tl a;dr;

e = T dry
base is located. The program splits the deformable part of the wheel into sectors with an angle a;. On each
side of the sector, the overlap dr; is determined and the equivalent angle is calculated by the formula.
Next, it is important to project the tangential and radial components on the coordinate axes and get
reactions on the wheels.

— the angle at which the resultant interaction reaction of the wheel with the support

Z-’JI
Figure 5 —
. Calculation diagram
A N R V4 N : of the elastic wheel [4]
Zi’g.ri
er ______
"Y.’r' X.‘u g X:

6. Modeling design. The visualization of the machine design is shown in figures 6 and 7. The
machine itself is a collection of absolutely rigid, non-deformable bodies connected by hinges. Each hinge
contains the coordinate axes and centers of mass of the bodies, also described by their coordinates. The
definition of the relative position of the structural elements is a description of the location of all these
coordinate axes, relative to the base coordinate system.

In addition to the coordinates for each body, the inertia tensor and mass are specified.

Rear frame

Figure 6 —
Mathematical model
of the auto grader
top view

Tandem wheels

Main frame

Front frame
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Hydraulic cylinders

Figure 7 —
Mathematical model ’Q* :
of the auto grader

in isometric view Drawbar

Blade ~

7. Modeling modes of operation. To simulate the technological mode of operation, we will
mathematically set the forces arising on the heap during “slaughter”.

W, =W, + W, + W, + W, + W,
where W, — cutting resistance; W, — resistance to movement of theground prism in front of the blade; W, —
resistance to movement of the groung up the dump;W,, — resistance to grader movement;W,,. — resistance
to friction of the grader’s knife against the ground.

To simulate the situation of the grader’s blade impact into an insurmountable obstacle, Newton’s

second law formula, written in the form of a force impulse, is used (figure 8).
FxAt=MxV

And in the form of a function, the change of impact force over time was recorded.

The metal structure strength of the grader is determined by the
calculation of the main, random and emergency loads.

Existing regulations consider three design provisions [1]: F

1) the end of the cutting, the front axle is hung and rests on the ditch
edge, the rear wheels are stalled, the work is done on a cross slope with
angle A;

2) hitting the blade edge, pushed to the side, on an insurmountable
obstacle;

27 },4 5

3) auto grader in transport mode, there are vertical and horizontal loads  Figure 8 — A sequence diagram
from the mass of the nodes. of the change in time
Modern auto graders are exploited more intensively and in a much of the shock force

more aggressive environment. By virtue of high-quality hydraulic system,

powerful engines, the availability of all-wheel drive and ease of control, they began to have greater
maneuverability and the range of categories of soil development increased.

Therefore, the existing calculation, including the above design positions, cannot reflect all possible
loads acting on the motor grader and, if an unaccounted load appears at any positions, this will affect the
quality of operation and, possibly, the durability of the steel structure. Therefore, it is necessary to include
additional design provisions in the calculation of the auto grader, the analysis of which will give a more
complete picture of the stress-strain state of its metal structure in any working position.

In this work, figures 1 and 2 show the estimated position of the grader in transport mode, at a speed
of 10 km/h, and it hits the dump edge on an insurmountable and absolutely rigid obstacle. It is precisely
this position that is chosen here because it is more often realized in life. For example, when the auto
grader is passed from site to site, and because this position where dangerous stresses arise that leads to the
destruction of the metal structure.

Firstly, it is needed to find the reaction on the wheels and select the mode of operation, in this case it
refers to clearing, and not to profiling.

When running a mathematical model, the greatest effort on the blade is obtained: P, = 12 - 10*N
(figure 9).

To determine the magnitude of the voltage reduction in the grader steel structure during its operation,
the analysis on 3D models made in the Solid Works program is done.

Consider two models, the traditional and the new, working in the same conditions, with the same
design position described above.
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Hiot

2,5

Figure 9 — Graph of force change on the blade at impact

There is an application of force values on the blade and reaction on wheels in the finite-element
model of the auto grader obtained at the start of the mathematical model.

To begin with, there is a comparison the maximum stresses in calculating models with the basic and
new designs (table).

Voltages in the base and new designs of the auto grader at the described design position

Base design New design

15348,5 MPa 12672,2 MPa

Maximum stresses decreased by 17% when using a new design.
Then, there is a stress state comparison of the base (figure 10) and the new (figure 11) design, stress
state of the working equipment of the base (figure 12) and the new (figure 13) design.

Figure 11 — Stress state of new construction

— 282 =——



ISSN 2224-5278 Series of Geology and Technical Sciences. 6. 2019

Figure 12 — The stress state of the working equipment of the grader basic design

Figure 13 — The stress state of the working equipment of the new grader design

The stress state of the mounting bracket for hydraulic cylinders of the basic (figure 14) and the new
(figure 15) design of the motor grader.

In figures 12, 13, 14 and 15 black oval marked places where there are dangerous voltages (high-
lighted in red) in the basic design and where they are no longer in the new design (highlighted in green,
blue).

According to the illustrations, the proposed solution by locating the cutting edge of blade and axle of
the outrigger hydraulic cylinder (figure 1) in one plane can significantly reduce stresses and, in some
elements, even prevent destruction, with minimal cost to upgrade the structure.

Also, as proof of the fact that the stresses on the 3D models of the grader are obtained in those parts
of the steel structure where breakdowns actually occur during the operation of the machine, practice
example is given (figure 16).

Figure 16 shows the crack welded by electric arc welding on the hydraulic cylinder mounting
bracket, caused by unregistered real loads during the operation of the auto grader.
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Figure 14 — Stress state of the mounting bracket of hydraulic cylinders of the grader basic design

Figure 15 — Stress state of the mounting bracket of hydraulic cylinders of the grader new design

Figure 16 — Welded crack on the mounting bracket of the grader hydraulic rams, caused by unaccounted real loads
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8. Conclusion.

1. In order to increase the strength and durability of the grader metal structure and determine
critically loaded nodes and fasteners in standard calculations it is necessary to further consider the actual
and calculated positions of the working bodies. For example, changing the wheels adhesion coefficient to
the ground during movement, redistribution of loads under non-central loading, etc., this will allow more
fully taking into account the effect on the machine processes that are not taken into account in the static
calculation.

2. The results obtained in mathematical modeling, such as reactions on the machine wheels, can
complement the finite element model and perform strength calculations of the stress-strain state of the
motor grader’s structure, which will give more real stresses in the critical components of the structure.

3. Stresses obtained and considered using models should be checked on a full-scale sample to ensure
the reliability of the created tool. According to the research results, it is possible to give appropriate
recommendations to the manufacturers of road machinery.

A.T. CaBeabeB, M. M. Kujieiikun, B. A. MuxaiiioBckasi,
M. B. Ayakun, A. U. Kum, Mapek Muasinuak, I'. B. Kycrapes

JK¥MBIC )KABJbIFbIH MOJEJB/EY ) KOHE KAWMTA KYPACTBIPY )KOJBIMEH
ABTOTI'PEHJIEPIIH METAJLIJI KOHCTPYKIUSCHIHBIH CEHIM/ILTITTH APTTBIPY

AHHOTanms. ABTOrpeiiep — oI MalllMHACKI, OHJIa OHBIH JKYMBIC OpPraHAapbl METAJI KOHCTPYKIMACHIHA YKOHE
TopanTap MeH OejekTepAi OeKiTy TopamTapblHAa KHBIH JKYKTeMe JKaFmalbIHOa JKYMBIC icreiimi. Omapra COKKHI,
Oypay, CBIHY, CTaTHKAJIBIK KOHE IHHAMUKAJBIK JKYKTEMeNlep acepereni. ABTOrpeiiaep MeTauIOKOHCTPYKIHSIIAPHI-
HBIH LIEKT] JKaFJaiiblH aHBIKTayFa apHanraH 3D Mopenb jkoHE aBTOrpelaep KYMBICH Ke3iHAE KYMBIC OpraHBIHIA
JKOHE JIeHreNeKTepAe Maiaa GonaThlH KYIITEpAl aHBIKTayFa apHaJIFaH MaTeMaTHKaIbIK MOAENb aBTOTpeiaepiaepIin
’KaHa KYPBUIBIMIAPBIH JOCTYPJIi CEPHSIIBIK KYPBUIBIMIAp MEH CalbICTBIPYFa JKOHE eCeNTiK )Kardainapra Oaiina-
HBICTBI OJIAP/bIH METaUl KOHCTPYKLMSJIAPBIHBIH KepHeylli-IeGopMalrsulaHFad JKarJaiblH OarajiayFa MYMKIHJIK
Oepei.

JKyMBbICTa XKYMBIC OpraHbIH/IA JKOHE aBTOTPEHIep KO3FarbIIbIHIA CHIPTKBI KYII (DaKTOpapblH aHBIKTay oJlic-
TEMECi KoHE OJIap/IbIH aBTOrpeHiep MeTalll KOHCTPYKIHSCHIHBIH KepHEYIi-IehopMalisIaHaTbIH Kali-KyliHe acepi
azipnenai. byn anicreme aBrorpeiinep TopanrapsiHa KaObUIaHFaH KOCBIMIIAHE FYPIIBIMHAKTHI €CENTEY XKaFIaiaapsl
MeH JXYKTeMelepin TabyFa skoHe Oaranayra MyYMKiHIIK Oepei.

Tyiiin ce3nep: aBTorpeiinep, aBrorpeiinepnin 3D Momeni, aBTorpeiinepaiHMaTeMaTHKaIBIKMO/ICTI, aBTOTpei-
JepIiH KepHeyi-aeopMalisiaHaTeIH JKaFJaibl, aBTOTPEHAepIiH eCeNTiK Xargalbl, aBTOTPeHIepAiH KOCHIMIIA
€CEIITIK JKaFAaibl.

A.T. CaBeabeB, M. M. KuJjeiikun, B. A. MuxaijioBckasi,
M. B. Ayakun, A. U. Kum, Mapek Muasinuak, I'. B. Kycrapes

HOBBIIEHUE HAJIEXKHOCTHU METAJIVIOKOHCTPYKIIUA ABTOI'PEIJIEPA
IIYTEM MOJEJIUPOBAHUSA U MNEPEKOMIIOHOBKH PABOYEI'O OBOPYJ1OBAHUA

AHHOTanmsi. ABTOTpeiiiep — A0pOXKHas MallliHa, B KOTOPOi ee paboure opraHbl Bcerja padoTaioT B YCIOBUSX
KPUTHYECKUX HArpy30K Ha METAJUIOKOHCTPYKIHMIO W Y3JIbl KPEIUICHNS Y37I0B U JneTaield. Ha HUX neHcTBYIOT ynap,
CKpYYHBaHUE, M3JIOM, CTAaTHUECKUE M NWHAMHYECKHE Harpy3Kku. Pa3pabortanHas B maHHO# pabote 3D-momens mms
OTIpENEeTICHUs] TIPENIENBbHBIX COCTOSHUN METaJUIOKOHCTPYKIMH aBTOTpelaepa U MaTeMaTHdecKas MOJENb ISl Ompe-
JIENICHNs yCWINi, BO3HUKAIOMIMX Ha pabodyeM opraHe M Koyiecax IpH paboTe aBTOrpeiaepa, Mo3BOISIOT CPABHUBATh
HOBBIE KOHCTPYKIIMU aBTOTPEHAEPOB C TPAAUIMOHHBIMI CEPHUHHBIMU M OLICHUBATH HANPSKEHHO-A€()OPMUPOBAHHOE
COCTOSIHHE MX METAJJIOKOHCTPYKIMH B 3aBUCUMOCTHU OT PACUETHBIX MOJIOKESHUH.

B pabore pa3paboTaHa MeToJMKa OIpeeIeHHs BHEIIHUX CHIOBBIX ()akTOpPOB Ha pabodeM opraHe U JBUraresne
aBTOTpeliepa M, UX BIMSHHE Ha HANpsSHKEHHO-Ie(QOpMHpPYEeMOE COCTOSHHE METAUIOKOHCTPYKIMH aBTOTpenaepa.
Ora MeToIUKa MO3BOJISIET HAXOAUTHh M OLIEHMBATH OOJiee pealbHbIe PacUeTHHIC IOJIOKEHUS M Harpy3KH Ha Y3JIbI
aBTOrpeiiepa B JONOJHEHUE K YKE IPUHATHIM.

KioueBsle ciioBa: asrorpeiiaep, 3D mozens aBrorpeiifepa, MaTeMaTHuecKast MOJEIb aBTOrpenaepa, Hanps-
JKEHHO-/1e()OPMUPYEMOE COCTOSIHWE aBTOTpeWjiepa, pacueTHbIE MOJIOKEHHS aBTOTpeiepa, IOMOJIHUTEIbHBIE pac-
YEeTHBIE MTOJIOXKEHHSI aBTOTpenaepa.
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