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Purpose. Development of the calculation technique of gear wheels tooth pair stiffness in one-pair gearing by the finite
elements method and its application for an estimation of tumbling mills open tooth gearings stiffness.

Technique. The calculation of stress state was carried out by the finite elements method. At the first stage the analyti-
cal model of a gearing was formed. Based on the key geometrical parameters and drawings the three-dimensional geo-
metrical model of the tooth gearing was designed. The physical properties of the constructional materials were set. The
geometrical model split into finite elements. The boundary conditions that ensure the kinematic stability of model, and the
condition of contact of working surfaces of teeth were set. An external loading in the form of the torque applied to a seat
contact surface of a gear wheel was set. The equations of balance were solved. The displacement unit of the contact line
of the teeth was defined. The stiffness of the tooth pair was calculated.

Findings. The current situation in the field of the tooth gearings stiffness calculation was investigated. The special
attention was paid to shortcomings of the existing standards with reference to the large-sized tooth gearings. We sowed
the advantages of the finite elements method use for calculation of the tooth gearing elements strain state. The algorithm
and a calculation technique of the tooth gearings stiffness by means of the finite elements method was presented. The
geometrical model and the analytical model were validated. The algorithm of calculation includes creation of a geometri-
cal model of gearing, definition of mechanical properties of constructional materials, splitting of geometrical model into
finite elements, calculation of displacements and stiffness of gearing. The calculation results of the tumbling mill MILIPT'Y
4500x6000 gearing stiffness received by the developed technique, standard technique and results of an experimental de-
termination were compared. There appeared a wide disagreement of the results received by the standard technique and by
the experiments. It was shown that the developed technique allows for more exact estimation of the stiffness as it takes
into account the design features of the ring gear.

Originality. The influence of the gear rim design on gearing stiffness was established. The quantitative estimation of
the stiffness of the open tooth gearing of tumbling mill MIIIPT'Y 4500x6000 was presented.

Practical value. The algorithm of calculation technique for the tumbling mills open tooth gearings stiffness by the
finite elements method was developed.
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Introduction. Stiffness of toothed wheel gearing is one
of the key parameters defining nonuniformity of load distri-
bution along the length of contact lines, and, therefore, cal-
culation of tooth gearings on durability [1, 2]. In particular,
it concerns heavily loaded open tooth gearings of the tum-
bling mills whose capacity of drives reaches 7900 kW and
more, and the transferred moment makes hundreds of
thousands of newton by meter [2]. The calculation of tooth
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gearings is standardized [3]. Despite this fact, significant
difficulties occur when stiffness is calculated. In particular,
the calculations based on GOST 21354-87 do not consider
a wheel pliability that leads to a considerable divergence of
experimental results and calculations. Therefore, the prob-
lem of improvement of a calculation technique for tum-
bling mills tooth gearings stiffness is urgent.

Analysis of the research. Complexity of the determi-
nation of tooth gearings stiffness is that it depends on the
loading conditions changing over time, and for large-sized
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gearings in many respects, it is defined by a ring gear de-
sign.

Systematic studying of gearing stiffness began in the
50-ies years of the last century. In 1950, W.A. Tuplin of-
fered the first dynamic model of gearing with the concen-
trated weight and a spring of constant equivalent stiffness
[4]. In 1953 Strauch H. offered a step model of change of
gearing stiffness upon transition from one-pair gearing to
two-pair one [4]. A. Seireg, D.R. Houser presented a mod-
el of tooth stiffness as a cantilever beam in 1970 [4]. All
the models specified considered flexibility of a tooth. Oth-
er elements of gearing were accepted as rigid. Among do-
mestic scientists, it is worth considering K. 1. Zablonsky’s
works. By generalization of experimental data and the
theory of elasticity, K.I. Zablonsky developed a calculati-
on technique of gearing durability which provided the ba-
sis for the native standard GOST 21354-87.

With the development of computer technologies, there
appeared models considering a nonlinear nature of gear-
ing stiffness changes. In 1986 H.H.Lin, R. Huston [4] de-
veloped a computer program of gearing stiffness changing
in time; it considered the bending deformations of a tooth
as a cantilever beam, as well as contact deformations and
deformations of the tooth basis.

Admitting linear deformation, under the defined load-
ing the body stiffness k, N/mm, is determined as the rela-
tion of force F, N, to the corresponding displacement d,
mm, by a formula

k=—.
d
According to contemporary conceptions [5—9], the
load distributed along the contact line, causes accumula-
tion of potential energy of elastic deformation U, J, which
can be written down as follows

FZ

U=—.
2k

()

Potential energy of elastic deformation can be expre-
ssed as the sum of the contact component U,, bending
component Uy, shear compression component U, axial
compression component U, and component of tooth fillet
foundation compression U,

U=Uh+UB+Ug+UA+l]f' (2)

All the components can be calculated with the equa-
tions of the theory of elasticity taking into account geo-
metrical parameters of gearing. However, in most cases an
exact expression for displacement d cannot be received.
Depending on whether the contacting teeth are over a cut
in a disk or over a spoke, stiffness will change from the
maximum value to the minimum. The value of the maxi-
mum stiffness defines nonuniformity of load distribution
and, therefore, durability of a gear wheel.

Considering (1) and (2), the general stiffness of tooth
pair in gearing is defined as
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where £, is contact stiffness, N/mm; %, k;, is bending
stiffness, N/mm; k,; k,, is shear stiffness, N/'mm; k,; k,, is
stiffness at axial compression, N/mm; &y, k, is stiffness of
tooth fillet foundation, N/mm; subscripts 1 and 2 denote
pinion and gear correspondingly.

Contact stiffness in the (3) can be received according
to the theory of Hertz [4]

nEb

where E is Young’s modulus, Pa; b is tooth width, m; v is
Poisson’s ratio. Other components of stiffness have no ex-
act expression and are often determined by using the semi-
empirical formulas, which are the result of generalization
of experimental data and results of calculation, such as in
GOST 21354-87 or ISO6336-1. It is known that the stiff-
ness value counted with a traditional technique when tooth
is presented by the cantilever beam of a complicated form
considerably differs from measured values [4]. For exam-
ple, in GOST 21354-87 stiffness is a function of equiva-
lent number of teeth z,,, z,, and their shifts x,, x,, mm, and
has the following look

C, :f(zvla 225 X1 x2)'

Unlike GOST 21354-87, current ISO6336-1 standard
considers such factors as flexibility of a rim and a wheel
disk with corresponding empirical factor of Cg consider-

CR - 1+—

S5es5m
where m is the tooth module, m; by, s are the linear sizes
defined in [3].

The formula for calculation of factor Cy has a limited
scope; it is very approximate and does not consider other
factors, for example, inequality of stiffness along the tooth
width.

According to the same standard [3], the finite elements
method (FEM) gives more accurate values of stiffness due
to the consideration of deformations of an involute profile
tooth, deformations of a rim and a disk of a wheel of any
design, as well as contact deformations [4].

Recently FEM has been more and more widely used
for the analysis of tooth gearings. For example, using
FEM Maruni¢ and Gordana showed that the nonuni-
formity of load distribution [8] is observed in rather
wide ring gears owing to action of edge effect even if
the actual deviation of contact lines does not exist. Ped-
ersen, Jorgensen [5] investigated one-pair and multipair
contact in gears and determined a considerable influ-
ence of a wheel rim thickness on the stiffness of gear-
ing. A bit earlier Vinogradov B.V. and Sladkovs-
ky A.V. [10] investigated a ring gear of a tumbling mill
and established essential influence of a design of a
wheel body on mesh stiffness. However, FEM is a very
knowledge-intensive method. Ensuring convergence of
the contact problem solutions demands special skills
and knowledge of a designer and limits the use of the
method in work practice.

>
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The objective of present study is to develop a reliable
calculation technique for the maximum stiffness of a tooth
pair at one-pair gearing of ring gears with the use of FEM
and its application to estimate open gearing stiffness of
tumbling mills.

Statement of the problems. Stiffening of tooth gear-
ing results in load concentration along the length of con-
tact lines due to errors of gearing and, therefore, to de-
crease in durability. With relation to durability calculation,
it is very important to have a calculation technique for the
maximum stiffness of a tooth pair in gearing. Therefore, it
is necessary:

- to distinguish the parameters of the tooth gearing
which are essentially influencing its stiffness and to create
the block of entering data;

- to define the rational analytical model of a tooth gear-
mng;

- to define the input data for calculation of the maxi-
mum stiffness of a tooth gearing;

- to confirm adequacy of the model.

Feasibility of the analytical model. In present study
the analytical model with complete contact of teeth in a
pitch point is investigated (Fig. 1).

The model includes a 3-dimensional geometrical mod-
el of a pinion and ring gear (Fig. 2) which are carried out
according to the drawings and data in Table 1. Moreover,
such features of the design as chamfers, fixing holes and
the surrounding teeth are excluded as being insignificant.
The ring gear 2 is a segment in 119° with fixed support,
the pinion 1 is the continuous cylinder with one degree of
freedom. The diameter of a landing surface 3 is no more
than 2/3 of the diameter of the pinion. The torque accord-
ing to data in Table 2 is attached to the pinion. The longi-
tudinal plane of symmetry of ring gear tooth 4 coincides
with the longitudinal plane of symmetry of a ring gear
gusset 5.

Young’s modulus E = 2.1 - 10° MPa, and Poisson’s ra-
tio v = 0.28 are accepted as physic-mechanical properties
of constructional materials. Boundary conditions are a
motionless basis of a rim gear 2 and the cylindrical hinge
on a landing surface of a pinion 1. The control of accuracy
was carried out on the basis of the convergence analysis
on displacements.

In Fig. 3 the block diagram of the problem solution is
shown. The algorithm of calculation includes the follow-
ing stages:

0,

Fig. 1. Analytical model: 1 — pinion; 2 — ring gear; a,, —
gearing angle; d, — pinion diameter; d, — ring gear
diameter; F, — normal force; 0,0, — centre dis-
tance; P — pitch point; T; — torque; y — inclination
angle

Fig. 2. Geometrical model of gearing: 1 — pinion; 2 —
ring gear; 3 — landing surface of pinion; 4 —gear
tooth; 5 — gusset

Table 1
Basic geometrical parameters of gearing
Parameters Symbol, unit _ Test case -M.HIPFY 4500x6000
Pinion Wheel Pinion Wheel
Number of teeth z 32 64 28 252
Tooth width b, mm 60 60 800 800
Base circle diameter d, mm 166.667 333.334 700 6300
Gearing angle a,”’ 20 20
Module m, mm 5 25
Centre distance a,,, mm 250 3511
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Table 2 Table 3
Basic data on loading of tooth gearings Calculated values of mesh stiffness
Value Maximal Stiffness of a Tooth
Symbol, N )
Parameters . MILIPTY Pair C’, kN/pm-mm
unit Test case Case
4500x6000 GOST
ISO6336-1 | FEM
Pinion rotation . 21354-87
ny, rev/min 1500 150 -
frequency Solid gear 17.3 14.5 13.4
Test case
Torque T, kN -m 1.97 159.155 Shaped gear — 13.7 8.2
Transmission ratio u 2 9 MILIPTY Solid gear 17.4 17.6 124
4500 % 6000 | Shaped gear - 12.5 6.3
. Physico-
Geometrical Load mechanical
parameters .
properties . . .
I I T gearing used in GOST 21354-87 as an example of durabil-
v ity calculation is solved as a test case. Further the problem
Boundary for an open tooth gearing of tumbling mill MIOPI'Y
diti ;
conditions FEM processor 4500x6QOO is solvec}. ' ‘
€ - Basic data are given in Table 1, 2. Besides, to demon-
omputational . . .
grid strate the influence of a rim gear cross-section form on
L] mesh stiffness, the problem of solid and 7-shaped sec-
Minimal displacement Maximal stiffness tion of rim gear is solved (Fig. 4). The value of bgis ac-
along the contact line of tooth pair cepted to be 30 and 70 mm for a test case and real gear

Fig. 3. Block diagram of a calculation technique for
mesh stiffness

— creation of a three-dimensional model of gearing;

— determination of mechanical characteristics of con-
structional materials;

— determination of boundary conditions;

— creation of a computational grid;

— the solution of a contact problem with the finite ele-
ments method with convergence control;

— calculation of the minimal displacement along the
contact line on the surface of a rim gear tooth;

— calculation of the maximal stiffness of a tooth pair in
gearing with a formula

F,

’ n

T

where F, is full normal force, N; J is the maximum dis-
placement along the contact line in the direction of the line
of gearing, um. Normal force is calculated as

F

t

" cos(or,)’

where F, is tangential force, N; a,, is gearing corner, de-
grees.

The calculated values of stiffness for all problems with
use of standards and the developed technique are given in
Table 3.

The recommended generator of a computational grid is
GMSH, the processor and the post-processor — Calculix,
which are a free software.

Results of calculations and their discussion. The
problem of determining the maximum stiffness of teeth in
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of MUIIPT'Y respectively; the value of s, is accepted to be
30 and 66 mm for a test case and real gear of MILIPT'Y
respectively.

Fig. 4. Scheme of a rim gear profile: b — gear width, bg—
thickness of central disc, sy — thickness of rim

The data shown in Table 3 testify to satisfactory co-
incidence of calculation stiffness results by the ISO and
FEM methods for taste case, the difference of values has
made no more than 8 %. The results of the calculation in
accordance with the GOST 21354-87 method in all
range of parameters are over-estimated. The GOST
21354-87 method does not carry out any technique of
gear flexibility accommodation due to gear cross-sec-
tion form at all.

The diameter and rim gear width being increased, the
difference in values of stiffness between the ISO and FEM
methods becomes considerable. The values of stiffness
calculated with the ISO technique and FEM technique for
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a rim gear of tumbling mill MIIPT'Y 4500x6000 are 4.6-
fold different. Earlier B. V. Vinogradov [2] experimentally
investigated nonuniformity of load distribution along the
length of contact lines in a tooth gearing of the mill
MIIPTY 4500 x 6000. The received value of the factor of
load distribution nonuniformity corresponds to stiffness of
no more than 8 N/um - mm that is 2.2 times as little as the
stiffness received in accordance with the GOST 21354-87
method.

It is possible to explain the divergence of the results in
the following way. The design of rim gears in gearings of
heavy machinery has considerable features, and loads on
teeth are high. The ISO6336-1 standard is developed for
calculation of tooth gearings of the general machinery and
does not consider influence of gussets and cuts in the cen-
tral disk of a rim gear. Besides, the ISO6336-1 standard
does not consider nonuniformity of load distribution and
stiffness that occur in wide gears even at complete contact
of teeth [6]. It is possible to consider the listed features
only by conducting detailed research of the stress and
strain state of gearing. Therefore, the description of the
factor Cj is rather tentative and cannot be transferred to
calculation of the heavy-loaded and large-sized tooth
gearings.

Stiffness of tooth is not equal throughout the length.
Upon transition of a point of gearing from tooth top to its
basis, which is directly, related to the angle change y
(Fig. 1), stiffness changes. In Fig. 5 the dependence of the
maximum stiffness of tooth pair in gearing on an angle y
corresponding to the tooth pair position over a spoke
(line 1) and between spokes (line 2) is presented. Fig. 5
shows that stiffness is maximal, when the point of gearing
coincides with a gearing pole. The central disk of a rim
gear contains the cuts intended to facilitate wheel weight.
At the same time, cuts reduce stiffness of a wheel. There-
fore, upon gearing transition from a spoke to a spoke stiff-
ness of gearing changes periodically. Fig. 5 demonstrates
that in consequence of transition of tooth pair position
concerning a gear spoke, stiffness changes by 40 % on av-
erage. Stiffness reaches the greatest value in the position

C, Nlum*mm
T A
1
|
5
4
3 /,,//—'\T‘
2 2
14
0 L] I T L] T L] T
-15 -10 -5 0 5 10 15

1, deg
Fig. 5. Dependency of the tooth pair stiffness on angle y:

1 — tooth pair position over a spoke; 2 — tooth pair
position between spokes
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of tooth pair over a spoke when the plane of symmetry of
gear tooth coincides with the longitudinal plane of sym-
metry of a gusset. Therefore, this position of a tooth pair is
the most dangerous from the point of view of gearing du-
rability.

Conclusions. The technique developed in the present
work based on FEM has the following advantage. Being
a method of theory of elasticity, this technique allows
investigating the stress and strain state of random-shaped
gear wheels. The use of semi-empirical formulas to de-
fine the relation between loading and stress disappears is
not required. Correlation of calculated values and values
obtained by experiments makes the developed technique
a priority while calculating tumbling mill gearing dura-
bility.
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Meta. Po3poOka MeToMKN po3paxyHKy MakCUMallb-
HOT JKOPCTKOCTI Iapu 3y0iB IIPH OHONAPHOMY 3a4eIlICH-
Hi 3y04acTHX KOJIC METOIOM KiHIICBUX CIEMCHTIB Ta ii
BUKOPHUCTAHHS AJISl OLIHKH )KOPCTKOCTI 3aUCIUICHHS BijI-
KpUTHX 3y0dacTux nepenad bapabaHHUX MIIAHIB.

MeTtoauka. Po3paxyHOK HanpyxeHo-ae(opMoBaHOTO
CTaHy 3IIHCHIOETHCS METOIOM KiHIIEBHX elleMeHTiB. Ha
mepuIoMy etarri (OpMY€EThCS PO3pPaXyHKOBA CXeMa 3a1adi.
Ha 06a3i reoMeTpuyHHX MapaMeTpiB Ta KpecleHb 3Iik-
CHIOETBCSI TIOOY/TyBaHHSI TPUBHMIPHOI T€OMETPHYHOT MO-
Jiedti 3y04acToro 3averuieHHs. 3a1atTbes Gi3nuHi Xapak-
TEPUCTUKN KOHCTPYKLIHHUX MaTepiaiiB. ['eomerpuyna
MOJICITh PO30MBAETHCSI HA KIHIIEBI €JICMCHTH. 3aJIal0ThCs
IpaHW4HI yYMOBH, 10 3a0€3MeuyloTh KiHEMaTHyHy He-
3MIHHICTh MOJEJi, Ta YMOBH KOHTaKTy pOOOYHX ITOBEp-
XOHB 3y0iB. 3a/1a€ThCs 30BHINIHE HABAHTAKCHHS Y BUIVIAII
KpPYTHOTO MOMEHTY, [0 PUKJIAJICHAN 10 IIeCTepHi. 3Mii-
CHIOETHCS YMCEIIbHE PO3B’I3aHHsI PIBHSIHD piBHOBAaru. Bu-
3HAYAETHCSA MiHIMAIIbHE TIEPEMIIIICHHS B3JOBK KOHTAKTHOL
i1 3y0iB. OOYHCITIOETHCS JKOPCTKICTD TapH 3y0iB.

PesyabraTn. JocmimkeHo CydacHUH CTaH NMUTaHHSI
010 PO3PaXyHKY JKOPCTKOCTI 3ybdacTux nepemad. Oco-
OJMBY yBary IpUIiICHO HEJOTIKaM ICHYIOYHUX CTaHIapTIiB
CTOCOBHO BelMKOrabapuTHUX 3yOuyactux mnepepad. [lo-
KazaHl mepeBar METO/y KiHIIEBUX €JIEMEHTIB IPH PO3-
paxyHKy nae(OpMOBAHOIO CTaHy eJeMEHTIB 3yOuactoi
niepenaui. [Ipencrasieni anropuT™ i METOAMKaA PO3paxyH-
Ky >KOPCTKOCTI 3y0UacTuX Iepesad 3a JOMOMOTOI0 METO-
Iy KiHIIEBUX €JIEMEHTIB, 3/IiiCHEHEe OOTpYHTYBaHHS I'eO-
METPUYHOI MOJIENI Ta PO3PaXyHKOBOI CXeMH. AJITOPUTM
PO3paxyHKy BKIFOYa€ TOOYIOBY T'€OMETPHUYHOI MOENTi
mepenadi, 3aBIaHHSA MEXaHIYHHX BIACTHBOCTEH KOH-
CTPYKIIIHUX MaTepiaiiB, po3OUTTS T€OMETPUIHOT MOJIe-
JIi Ha KIHIIEBI €JIEMEHTH, PO3PaxyHOK MepeMillleHb 1 )KOop-
CTKOCTI 3auerlieHHs1. 3po0JieHe MOPIBHIHHS PE3y/bTaTiB
PO3paxyHKY >KOPCTKOCTI 3yOuacToi nepegadi bapabaHHOT
miaran MILIPTY 4500 x 6000 3a po3po0iiecHO METOIH-
KO0, CTaHZApPTHOIO METOJMKOIO Ta PE3YJIbTaTiB EKCIIePH-
MEHTaJIBHOTO JIOCIiKEeHHs. BCcTaHOBIIEHE 3HaUHE PO3X0-
JUKCHHS pe3yJIbTaTiB CTaHAapTHOI METOIUKH Ta Pe3yibTa-
TiB ekcriepuMeHTiB. [Tokaszano, 110 po3podieHa MeTouKa
Jae ORI TOYHY OIIHKY JKOPCTKOCTI 3aBISKH TTOBHIIIIO-
MY BpaxyBaHHIO KOHCTPYKTHBHHX OCOOIMBOCTEH BiHIIS.

HaykoBa HOBU3HA. BCTaHOBIEHO BIUIMB KOHCTPYKIIii
3y04acToro BIiHIA Ha >KOPCTKICTH 3a4eIUICHHS Ta Tpe.-
CTaBJICHA KIJIbKICHA OI[IHKA )KOPCTKOCTI BiAKPHUTOI 3y0Ouac-
Toi nepenadi 6apadanuoi i MILPTY 4500 x 6000.

IMpakTnyna 3HaunmMicTs. Pozpobiieno anroputm me-
TOJIMKH PO3paxyHKY )KOPCTKOCTI BIJKPUTHX 3yOUacTHx mne-
penau OapaGaHHUX MITMHIB METOJIOM KiHIIEBUX CJIICMCHTIB.

Kuaro4osi ciioBa: bapabannuii maun, 3y6uacma nepe-
oaua, HCopcmKicms, Memoo KiHYeGUX el1eMeHmie

Meanb. Pa3paboTka METOMUKN pacdera >KECTKOCTH Ta-
PbI 3yObEB IIPU OHOMAPHOM 3alCIUICHUH 3y04YaThIX KOJIEC
METOJAOM KOHCYHBIX JJICMCHTOB W MNPHUMCHCHUE €C JJId
OLICHKHU KECTKOCTU 3alICTIVICHUSI OTKPBITHIX 3y6anb1x I1e-
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penau 0apabaHHBIX MEJIHHHIL.

Metoauxka. Pacyer HarpshkeHHO-1epOPMUPOBAHHOTO
COCTOSIHHS OCYIIECTBIISIETCS] METOJIOM KOHEUHBIX 3JIEMEH-
ToB. Ha mepBom sTame ¢opmupyercs pacdeTHas cxema
3agaun. Ha oCHOBaHNM OCHOBHBIX T€OMETPHUYECKHX ITapa-
METPOB 1 YepTEekKeil NPON3BOANUTCS IOCTPOCHUE TPEXMEP-
HOM TeOMEeTpHIEeCKON Mozenu 3yduaToil mepemadn. 3ana-
10TCS (PU3UIECKHE CBOWCTBA KOHCTPYKI[MOHHBIX MaTepHa-
10B. ['eomeTpudeckas MozieNnb pa3oMBaeTCs Ha KOHEUHbIE
AJIEMEHTHI. 3aJIal0TCsl TPAaHUYHBIC YCIIOBHUSI, OOecIeunBa-
IOIIME KHHEMAaTHYECKYI0 HEU3MEHSIEMOCTh MOJICIIH, U yC-
JIOBHSI KOHTAKTa pabovYnX MOBEPXHOCTEH 3yObeB. 3agaet-
Csl BHEIIHSISI HAarpy3Ka B BUJE KPYTSIIETO MOMEHTA, TPH-
JIO)KEHHOTO K II0Ca/I09HOM NOBepXHOCTH IiecTepHu. [1po-
M3BOANTCS YMCICHHOE PEIICHHE YPaBHEHUH PaBHOBECHSI.
Omnpenensiercss MUHUMAJIbHOE MEpEMEIIECHIE BIOIb KOH-
TaKTHOW JIMHUM 3yObeB. PaccunMThIBaeTCS KECTKOCTH Ma-
PHI 3yOBEB.

Pesyabrarsl. MccnenoBaHo COBPEMEHHOE COCTOSIHUE
BOTIPOCA O pacyeTe KEeCTKOCTU 3yOuareix mepenad. Oco-
60c BHMMaHHE YJCICHO HENOCTATKAM CYIIECTBYIOLIUX
CTaHJIapTOB MPUMEHHUTEIHHO K KPyMHOrabapuTHBIM 3y0-
4aThIM nepenadam. [TokazaHbl MpenMyIecTBa METO/Ia KO-
HEYHBIX 3JIEMEHTOB IPU pacyere Ae(OpMUPOBAHHOIO CO-
CTOSIHUSI DJIEMEHTOB 3yOuaroil mepenmauu. Ilpencrasien
QITOPUTM M METOJIMKA pacyeTa XXECTKOCTH 3yOuarhix Ie-
penad ¢ MOMOIIBI0 METO/Ia KOHEUHBIX SJIEMEHTOB, OCY-
IIECTBICHO 000CHOBaHUE TeOMETPUIECKOI MOJICITH 1 pac-
YETHOH CXeMBl. AJTOPUTM pacyera BKIOYAaeT MOCTpoe-
HHE TEeOMETPUYECKOM MOJENH Mepeaadn, 3alaHue Mexa-
HUYECKUX CBOWCTB KOHCTPYKIIMOHHBIX MaTepHajoB, pa3-
OueHne reoMEeTPHUIECKON MOAEIN Ha KOHEUHBIE 3JIEMEH-
TBI, pacdyeT MEPEeMELICHUI U JKECTKOCTH 3aleTICHUS.
[IpousBeneHO CpaBHEHHE PE3yJIbTaTOB pacueTa KECTKO-
cTH 3yOuaroii nepenadu bapadanHoi MeabHUIBI MILTPTY
4500 x 6000 mo pa3pabOTaHHON METOIUKE, CTaHIAPTHOM
METOAMKE U PE3yJIbTaTOB SKCIIEPUMEHTAILHOTO HCCIIENO0-
BaHMsI. YCTaHOBJIEHO 3HAYUTEIILHOE PACXOXKACHHE PE3YJIb-
TaToOB CTaHJAPTHOW METOIMKH M PE3yJIbTaTOB 3KCHEPH-
MeHTOB. [lokazaHo, 4TO pa3paboTaHHash METOIMKA JaeT
OoJiee TOYHYIO OIIEHKY XECTKOCTH Oiaromapsi 6osee moi-
HOMY Y4eTy KOHCTPYKTHBHBIX OCOOCHHOCTEH BEHIIA.

Hay4ynasi HoBM3HA. YCTaHOBJIEHO BIMSHUE KOHCTPYK-
MM 3y04UaToro BEeHIA Ha )KECTKOCTh 3aleTIIICHUS U MPEea-
CTaBJIEHA KOJIMYECTBEHHAs OLIEHKA JKECTKOCTH OTKPBITOM
3yOuaroil mepemaun OapabanHoil MmenbHUIEI MILIPTY
4500 % 6000.

IMpakTHyeckasi 3HAYMMOCTDb. Pa3paboran anroputm
METOJIMKH pacyera »KECTKOCTH OTKPBITBHIX 3yOuarhbix Ie-
penay GapabaHHBIX MENBHHI[ METOJOM KOHEYHBIX 3lie-
MEHTOB.

KoatoueBrble ciioBa: bapabannas menvnuya, 3youamas
nepeoaua, AHecmkoChb, Memoo KOHEUHbIX dNEMEHMO8

Pexomenoosano 0o nybnikayii O0oxm. mexH. HAyK
B. I Camycero. /lama naoxoooicenns pykonucy 03.12.14.
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