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SENSITIVITY OF STRESSES TO THE FORCES ACTING ON THE CAST
PARTS OF FREIGHT-CAR BOGIE

Purpose. To determine the effect of the force components acting in the axle box and the central spring suspen-
sion on the stresses occurring in the side frame of the three-piece bogie. Methodology. To assess the effect of the
forces acting on the side frame on the stresses in it, we developed a finite element model of the side frame. After
that, we carried out an assessment of its stress-strain state under loading conditions corresponding to the I and
IIT design modes. According to the results obtained, we determined the stress concentration points in the construc-
tion, which are selected as check ones for further studies. Also, as checkpoints we took the points corresponding to
the sensor locations when estimating the stresses in the side frame during the tests. At the next stage, we applied unit
loads in sequence at the interaction points of the side frame with the boxes and the central spring group. To obtain
a more accurate result, the unit forces were balanced by the corresponding forces and moments of inertia. With each
loading variant, tensors of stresses arising from the action of unit loads were obtained at checkpoints. On the basis of
the stress tensors obtained, we determined the corresponding equivalent stresses — the sensitivity coefficients.
Findings. The paper determines the stress sensitivity coefficients in the three-piece bogie side frame to external
loads acting on the side frame from the side of axle box and central spring group. Based on the results of the as-
sessment of the coefficients obtained, we determined the forces having the greatest influence on individual sections
of the side frame. We estimated the possibility of using the obtained results in optimizing the parameters of the bo-
gie spring suspension to increase the strength and durability of the side frame. Originality. For the first time, the
effect of individual components of the forces acting on the side frame on the stresses in it has been estimated.
Practical value. The obtained result can be used in the design and optimization of three-piece bogies, to improve
the side frame durability. The stress tensors obtained can be used to estimate the effect of complex loading on the
side frame strength and durability.
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the established steel viscosity requirements KCV
Introduction (-60°C) [2]. To solve these problems, the works
are in progress to improve the casting technology —
regulating the metal cooling by updating the
moulding flasks or the design of the side frame
itself. Besides, monitoring more strictly the quality
of metal and casting methods by destructive and
non-destructive controls.

The second possible cause of mass fractures is
structural. In 2001, there was a transition from the
I-section of the arch bar on the supra-box area to
the box-like section [14]. It was suggested that
the I-section of the side frame extension acted as
an elastically deforming quencher of torque, which
occurs during critical loosening of side frames
relative to each other and the corresponding angu-
lar displacements of the set of wheels in the pedes-
tal jaw opening. In other words, the I-section de-
sign was less rigid in the horizontal plane and had

The absence in the three-piece bogies of freight
cars of devices preventing from falling onto the
track its main supporting elements such as the bol-
ster and the side frame sharply raise the reliability
requirements imposed on these elements. Howev-
er, a fairly large part of the freight train derailment
at the current moment is caused precisely by de-
fects in the cast parts of the bogies, namely, the
side frame fractures.

The railway enterprises have been facing the
problem of mass fracture of side frames since 2006
[3, 5, 16] and two main directions can be identified
as the main possible causes.

The first one is low quality of casting. Work in
this direction revealed two possible causes — hid-
den defects in casting [6] and non-compliance with
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a slightly loaded position — the I-section pedestal,
which had a compensating effect of the bending
moments of the set of wheels, and in abnormal op-
eration modes, all defects in the side frame opera-
tion were visible. The solution to this problem is
related to the development of methods for
strengthening the side frame structure on the basis
of calculations and tests to determine its strength
[7, 13, 15, 17, 23], reliability, as well as the dy-
namic characteristics of the car as a whole [4, 8, 9,
16, 19, 21, 22].

Possible solutions are attempts to create welded
structures of side frames [1, 11]. This solution, alt-
hough it will eliminate the problems of casting,
however raises many questions related to the relia-
bility of welded joints.

To increase the reliability of the bogie cast
parts, it is also possible to consider the possibility,
at the design stage, of the influence of the spring
suspension parameters on the stresses arising in the
parts.

Purpose

To determine the effect of the force compo-
nents acting in the axle box and the central spring
suspension on the stresses occurring in the side
frame of the three-piece bogie.

Methodology

The sensitivity of the indicator ¢ to the value
P, (j —index that separates the considered quan-
tity from the set of values P, which o depends on)

means the ratio of the change in the indicator Ac
to the change in the argument AP,

(1

In the case of a linear dependence of the expo-
nent on all arguments, this definition is unambigu-

k' =Ac /AP,

ous in the sense that the sensitivity value k;cy) does

not depend on the fact at which values of the ar-
guments the indicator ¢ was calculated, as well as
on the selected increment AP;. In the general case
it is necessary somehow to characterize the totality
of the values k;") in a compact form. It is common

to use the Morris method for this purpose [20],
which consists in the fact that the sensitivity values

are calculated at random points in the domain of
definition with specially chosen increments of
arguments (to reduce the amount of calculations),

and then the mathematical expectation E[k;“)] and
the E[k;")] mean-square deviation of the sensitivi-

ties G[kﬁ")] are analysed. Fulfilment of condition

[BLK ]| < 201k )
indicates a substantially nonlinear character of the
dependence.

Since the dependence of the stress tensor
components on the loads is linear, and the change
in the parameters of the running parts causes
a relatively small change in the loads, the nonline-
arities (in determining the equivalent stresses and
the number of cycles before the appearance of frac-
ture) can hardly be regarded as essential, which
eliminates the need to apply more sophisticated
methods of sensitivity analysis such as Sobol's
indices [18].

Stresses that arise in the bogie side frame under
the action of a static load are shown in Figure 1.
The heavily loaded areas near the lower corner of
the central spring opening, on the lower side frame
member and at the point R55 of the pedestal jaw
opening are clearly visible. The stress levels in
these places for various combinations of loads are
given in Table 1 and approach the maximum per-
missible values for 20GL steel. The I calculation
mode corresponds to the loading variants a and b,
and III to c...f. Also, the stress concentration is no-
ticeable in the corners of the process window (101
MPa) and the upper corners of the central spring
opening (114 MPa).

Fig. 1. Stress distribution
in side frame model
for the IlI-design mode, MPa.
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The stress concentration at these points is ex-
pected from the point of view of the geometry of
the model. Also these points are checkpoints ac-
cording to [12].

Table 1
Maximum stresses in the bogie side frame, MPa
E = 2 ERE
> Q 2 » =
o = S 3 A QO 3 8.
= £ =] 242 = =2 2
$° B =3 27 |8
k = £ | F |°
Lower corners
a of the central 250 240 6,7,27
spring opening
b Vertical pedes- 250 235 14, 15.
tal roof
Lower corners
c of the central 140 132 6,7,27
spring opening
d Vertical pedes- 140 137 14, 15.
tal roof
. Vertical pedes- 140 139 14, 15.
tal roof
Lower corners
f of the central 140 131 6,7,27
spring opening

Taking into account the obtained results, the
points shown in Figure 2 were chosen to estimate
the stressed state of the side frame. Their total
number is 43, they are located in the middle of the
lower side frame member (1-5, 18, 19, 25), in the
upper (8, 9) and the lower (6, 7, 26, 27) corners of
the central opening for spring suspension, in the
opening between the diagonal tension member and
the column (10-13), in the inner corner of the ped-
estal opening (14, 15), in the middle (20-24) and
the cantilever part (16, 17) of the arch bar. The
points located symmetrically are not shown in Fig.
2. And they are assigned with the numbers 4'... 27'.

The side frame perceives the forces from the
central spring suspension and the axle box. To as-
sess the effect of these forces on the stresses aris-
ing in the side frame, we sequentially determined
the stresses from unit forces acting in three direc-
tions at the appropriate places. To balance the ac-
tion of unit forces on the side frame, we applied
inertia forces and a moment of inertia correspond-

ing to the acting forces. The points of application
of unit forces and the direction of the local coordi-
nate axes are shown in Figure 3

25 /23F 7

»CC 4

D-D

@@m%w;ﬁ

Fig. 2. Checkpoints

A
B-B

Fig. 3. Points of application of unit forces

Findings

As a result of the calculation, we obtained the
tensors of stresses arising from the action of unit
loads at the side frame checkpoints. On the basis of
the obtained stress components, the corresponding
equivalent stresses arising from the action of unit
loads, the sensitivity coefficients, were calculated.
The intensity of the effect of unit forces on the
stresses at the points of the finite element model is
shown in Fig. 4.

In Figure 4, the intensity of the shading of indi-
vidual cells characterizes the degree of the force ef-
fect on equivalent stresses at the point of the model.

Analyzing the results of the calculation, we can
conclude that the points 6, 8, 9 and symmetrical 6,
8' and 9 '- the lower and upper corners of the cen-
tral spring opening — are the most sensitive to
changes in the external load, up to 1.204 MPa/kN.
Point 26, strengthening rib in the lower member, is
sensitive to the vertical load from the sub-key
spring — 1.054 MPa/kN.
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The points located on the lower member (p. 1 —
3, 18, 19, 25), the lower corner of the central
spring opening (p. 6, 7, 27) are sensitive to vertical
loads acting on the central opening roof, the sensi-
tivity factor is 0.411 MPa/kN and 1.154 MPa/kN
respectively, and points 6, 7, 27 are also sensitive
to vertical loads from the friction key — up to 0.772
MPa/kN. The transition from the lower member to
the diagonal tension member (p. 4, 5) is almost
equally sensitive to all loading variants except the
longitudinal forces in the pedestal opening and
from the action of the friction keys — up to
0.156 MPa/kN. The upper corner of the central
spring opening (p. 8, 9) is sensitive to vertical and
transverse loads from the action of the friction key
—up to 1.204 MPa/kN. The arch bar in the middle
part (p. 20-24) is more sensitive to the transverse
loads acting from the vibration dampers and in the
axle box — up to 0.166 MPa/kN. For points located
in the process window area (p. 10 — 13) it is quite
difficult to determine a specific group of forces
that exert significant influence, since this area ex-
periences a complex loading - up to
0.348 MPa/kN.

The inner corner of the pedestal opening (p. 14,
15) is mostly influenced by longitudinal and verti-
cal forces from the nearest pedestal opening — up
to 0.143 MPa/kN. The arch bar in the pedestal
opening area (p. 16, 17) is mostly influenced by
the forces in the places of vertical and transverse
axle box intersections as well — up to 0.109
MPa/kN, the influence of the remaining loads is
less approximately twofold.

Thus, to reduce, for example, the stresses in the
lower corners of the pedestal opening (p. 6, 7, 27)
by 5% (6.95 MPa, III design mode), it is necessary
to reduce the vertical load on the central spring
opening by 19.64 kN (average sensitivity coeffi-
cient is 0.35 MPa/kN). To reduce stresses in the
inner corner of the pedestal opening (p. 14, 15) by
5%, it is necessary to reduce the level of longitudi-
nal or vertical load components in the axle box by
52 MPa (average sensitivity coefficient is
0.132 MPa/kN). Reducing the load in this range

can be difficult; therefore, along with changes in
the parameters of the spring sets, it is necessary to
provide for an increase in the strength of the struc-
ture due to local reinforcement.

In operation, static forces act on the side frame
from the car gross weight — about 220 kN with an
axial load of 23.5 tons per axle and the dynamic
forces arising from the movement of the car can be
from 50% to 80% of the static load [10]. Reduction
of static loads is not advisable, since their main
component is the load-carrying capacity of the car.
Dynamic loads, the magnitude of which can reach
up to 176 kN, can be reduced through the use of
rational parameters of spring suspension and the
structure as a whole. At the same time, a decrease
in the dynamic component of the loads acting on
the side frame by only 5% — 8.8 kN, can lead to
a decrease in the stress level in the side frame by
1.37-10.60 MPa. This decrease is not significant in
evaluating the strength of the structure, however,
in assessing its durability, reducing the dynamic
load amplitude by 5% will cause an increase in
longevity by 20% (fatigue curve index 4).

Originality and practical value

For the first time, the effect of forces acting on
the three-piece bogie side frame on the stress level
arising in it has been estimated.

The obtained sensitivity factors can be used to
optimize the parameters of the freight car bogie for
increase of durability of its details.

The stress tensors obtained can be used to esti-
mate the effect of complex loading on the side
frame strength and durability.

Conclusions

We determined stress sensitivity coefficients on
the certain sections of the three-piece bogie side
frame to external loads acting on the side frame
from the side of the pedestal and spring openings.
The stress tensors obtained can be used to estimate
the effect of complex loading on the side frame
strength and durability.
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KIiHIIEBO-€JIEMEHTHA Mo/ienb. [Ticis poro mpoBezieHa OlLiHKa HANpYKeHO-1e(OPMOBAHOTO CTaHy OIYHOT paMu Mpu
BapiaHTax HaBaHTaxeHHs, BinnoBinHux | i Il po3paxyHkoBuM pexxumam. 3a OTPUMAaHUMHU pe3yIbTaTaMU BH3HA4YEHI
TOYKHM KOHLEHTpAL]l HallpyXeHb Y KOHCTPYKIISX, sIKi 00paHi B SKOCTI KOHTPOJIBHUX JUISl MOJAJIBIINX JIOCIIIKEHb.
Takox B SIKOCTi KOHTPOJBHUX MPHUHHATI TOYKH, IO BiMOBINAIOTh MICISIM BCTAHOBIICHHS JATYHKIB MPU OIHIN Ha-
mpy’keHb y OiuHill pami mig yac BUNpoOyBaHs. Ha HACTymHOMY eTari HMOCiIOBHO MPHUKIIAJAINC OAWNHOYHI HaBaH-
Ta)XCHHS B MICIAX B3aeMopii 0iYHOi paMu 3 OyKcamu i HEHTPaJbHIM PECOPHUM KOMIUIEKTOM. [ OoTpuMaHHS
OUTBIII TOYHOTO PE3yNbTaTy OMUHUYHI CHIM OyJIM BPiBHOBa)KSHI BiAMMOBIIHUMHE CHIIaMU Ta MOMEHTaMH iHepii. [Ipn
KOXXHOMY BapiaHTi HABaHTA)XCHHS B KOHTPOJIBHHUX TOYKaX OyJIM OTpUMaHi TEH30pH HaIpy»KeHb, 10 BHHUKAIOTH I
JIi€r0 OMMHUYHUX HaBaHTaXXEeHb. Ha OCHOBI OTpMMaHUX TEH30piB HANpy>KCHb BU3HAYAIINCS BiATIOBIIHI €KBIBAJICHTHI
HanpyXeHHs — Koe(iuieHTH 4yTiauBocTi. Pe3yabratn. Y poOOTi BU3HA4YEHI KOE]ILiEHTH YyTIMBOCTI HANPYT JO
30BHILIHIX HABaHTAXXEHb y OIYHIN paMi TPHOXEJIEMEHTHOTO Bi3Ka. 30BHIIIHI HABAaHTa)KEHHS JIIIOTh Ha paMy 3 OOKy
OYKCH 1 IIEHTPAJILHOI'O PECOPHOTO KOMIUIEKTY. 3a pe3y/bTaTaMU OI[IHKM OTPUMAHHUX KOC(IIi€HTIB BU3HAYCHI CHIIH,
L0 YMHATh HAWOUIbIINMIA BIUIMB Ha OKpeMi JuisiHku OiuHOoi pamu. HaykoBa HoBm3Ha. Briepuie HaBeneHa omiHKa
BIUIMBY OKPEMHX KOMIIOHEHTIB CHJI, L0 JIIOTh Ha OiYHYy pamy, Ha Hanpyru B Hiil. [lomaHa oriHka MOKJIMBOCTI 3a-
CTOCYBaHHSI OTPUMAHUX Pe3yJbTaTiB IIiJ Yac ONTUMi3alii HapaMeTpiB PECOPHOro IiJBIIIyBaHHS Bi3Ka ISl 3011b-
IICHHS MIIHOCTI i MoBroBivyHocTi OivHO1 pamu. IIpakTnyHa 3HauYMMicTh. OTpUMaHUA pe3yinbTaT MOXe OyTH BU-
KOPHCTaHUH IIiJl 9ac MPOEKTYBaHHA i ONTHUMIi3aIlii TPHOXEIEMEHTHOTO Bi3Ka, JJIS IMiJBUIIECHHS JOBTOBIYHOCTI Oid-
HUX paM. OTpHMaHi TeH30pH HANPYKEHb MOXKYTh OyTH BUKOPUCTaHI /U OL[IHKU BIUIUBY CKJIAJJHOTO HaBaHTAXKCHHS
Ha MIIHICTb i JOBrOBIYHICTH O19HOI paMHu.

Knrouosi crosa: mitHicTh; Oi4HA paMa; TPHOXEIEMEHTHUH Bi30K; JOBIOBIYHICTh; BAHTAXKHUN BaroH
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YYBCTBUTEJBHOCTH HAIPSIAKKEHU K CUJIAM,
JAEUCTBYIOIIUM HA JIMTBIE AETAJIA TEJIEXKEK I'PY30BbIX
BAI'OHOB

Heas. Onpenenuts BIMSHUE KOMIIOHEHTOB CHJI, JEHCTBYIOIIMX B OYKCOBOM y3Ji¢ M IIEHTPaIbHOM pecCOpHOM
CTYIEHH TO/BEIINBaHUS, HA HANpsDKEHWs, BO3HUKAIOIINE B OOKOBOW pame TPEXIIEMEHTHOH TENEXKH IPy30BOTO
BaroHa, — OCHOBHasI 11eJIb Hay4yHOH paboTel. MeToanka. J{isi OLlEHKN BIMSHUS CHJI HA BOSHUKHOBEHHE HAIPSDKEHUS
B OOKOBOI pame OblIa pazpaboTaHa ee KOHEYHO-3JIEMEHTHAs MOJielb. [locie 3Toro npoBesieHa OLEHKa HaIpsKEHHO-
JiehOpMUPOBAHHOTO COCTOSIHUSL OOKOBOW paMbl IPU BapHaHTax HarpyxkeHus, coorBercTByromux [ u Il pacuerHsim
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pexxumam. o mosmydeHHBIM pe3ysbTaTaM OINpeAeneHbl TOUKU KOHLEHTPALUK HANPSXKEHUN B KOHCTPYKIMH, KOTOphIE
BBIOpaHBI B KAY€CTBE KOHTPOJIBHBIX JUIS TAJIbHEHIIMX HcciienoBaHui. Takxke B KauecTBe KOHTPOJILHBIX IIPUHSTHI TOY-
KH, COOTBETCTBYIOIINE MECTAM YCTAaHOBKH JATYMKOB IIPU OLEHKE HANpsHKEHUH B OOKOBOW paMe BO BPEMsI HCITHITAHUH.
Ha cnemyrommem 3Tamne mociaefoBaTeNIbHO PHUKIAIBIBATINCH CAMHAYHBIE HATPY3KH B MECTax B3aMMOAEHCTBUS OOKOBOH
pambl ¢ OyKcaMH M IEHTPAJIbHBIM PECCOPHBIM KOMIUTEKTOM. [l TOMydeHust 6ojiee TOUHOrO pe3yibTaTa eIMHUIHbIC
CHIIbI OBLIM yPaBHOBEIICHB! COOTBETCTBYIOIINMH CHJIAMH U MOMEHTaMH MHepIMH. [Ipy KakIoM BapuaHTe HaTrpyXEHHSA
B KOHTPOJIBHBIX TOUKaX OBLIM MOJy9IEHBI TEH30PbI HAPSDKEHHH, BOSHUKAIONIME OT ACHCTBUS AMHUYHBIX Harpy3ok. Ha
OCHOBE TIOJIyYEHHBIX TEH30POB HAIPSDKEHUH ONPEAEISUIICH COOTBETCTBYIONINE SKBUBAJICHTHBIE HANPSDKEHUS — KOI(]-
(uLreHTH 4yBCTBUTEIEHOCTH. Pe3yabTaTsl. B paboTe onpeneneHsl KO3 GHUIMEHTH 1yBCTBUTEIEHOCTH HANPSKEHUH
K BHEIIIHUM Harpy3kaM B OOKOBOHW pame TPEeX3JIEMEHTHOW TeJeXKH. BHelHne Harpy3ku AefcTBYIOT Ha paMy CO CTO-
POHBI OYKCBI M LIEHTPAJILHOTO PECCOPHOTO KOMIUIEKTa. [1o pe3ynbTaTaM OLEHKH MOy4eHHbBIX KOA(dUIMEHTOB ompe-
JIeJIeHbl  CWJIBI,  OKa3bIBAIOIIME  HauOoJblIee  BIMSHUE HAa  OTAGNBHBIE  y4acTKM  OOKOBOW  paMmbl.
Hayunas noBu3Ha. BriepBbie mpoBeieHa OIeHKa BIMSHUS OTAEIBHBIX KOMIIOHEHTOB CHJI, ICHCTBYIOIUX HA OOKOBYIO
paMy, Ha HanpsDKEHHS B HeW. JlaHa OlleHKa BO3MOXKHOCTH NPHUMEHEHHS MOJTyIEHHBIX PE3YJIbTaTOB IPH ONTHMHU3ALIIN
[IApaMETPOB PECCOPHOTO TTOBELINBAHUS TEIECKKH AN yBEJIMYCHHUS] MPOYHOCTH M JOJITOBEYHOCTH OOKOBOW paMbl.
IIpakTHyeckass 3HaYMMOCTb. [TomydeHHBIH pe3ysIbTaT MOXKET OBITH MCHOJIB30BaH MPH IPOCKTUPOBAHUK M ONTUMHU-
3aIlMM TPEXAIEMEHTHBIX TEJNEKEK, JUIS ITOBBIIICHHS JOJITOBEYHOCTH OOKOBBIX paM. IlomydeHHbIC TEH30pBI HANpsDKe-
HHUHA MOTYT OBITh HCIIOB30BAHBI JUISl OLCHKH BIMSIHUS CIIO’KHOTO HAarpy KEHHs Ha MPOYHOCTH M JOJITOBEYHOCTH OOKO-
BOH pamsl.
Kniouegvie cno6a: IpoUHOCTh; OOKOBas paMa; TPEXdIEMEHTHAs TeIeXKKa; JOJITOBEYHOCTh; IPy30BOil BATOH
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