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ABSTRACT Nowadays, design and construction of new urban tramlines require feasibility study of calculation methods
for stiffness. A calculation method for tram track stiffness with noise and vibration insulation systems has
been developed in this paper. Theoretical analysis of the impact of rail insulation systems on tram-to-slab load transfer
has revealed the potential options and factors influencing the choice of a system. The new design method obtained makes it
possible to predict the distribution of loads on the load-bearing foundation surface. Different variants of rail/slab load distri-
bution have been determined depending on the mechanical characteristics of rail profiles. Tram track slab stiffness has been
calculated for three design models such as rigid surface pavement, bridge structure and foundation slab. The design of the tram
track as foundation slab allows calculating slab reinforcement as accurately as possible because the surface pavement takes
into account the planned service life and tram flow density in the area under survey.

Field experiments have demonstrated a better convergence of theoretical and experimental data when designing the slab
as foundation. As a result, a new method for calculating the foundation slab stiffness of a tram track has been proposed taking
into account planned service life, tram flow density and other factors.
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HWS METOLOB pacyeTa Ha NPoYHOCTb. MpuBeaeHa MeToMKA pacyeTa KOHCTPYKLMM TPaMBAMHOMO MyTU Ha
MPOYHOCTb MPW YCIOBUM MPUMEHEHWS B HEM CUCTEM LLIYMO- U BUDPOM30NALMU. TeOpeTUIECKUIA aHANU3 BAUSHUS CUCTEM MU30NALUKN
penbca Ha CXeMy nepefayu Harpysku OT TpamBas Ha MAWTY NMoKasan BO3MOXHbIE BapUaHTbI U MO3BONIUA BbiSBUTb GaKTOPbI, OT
KOTOPbIX 3Ta CXeMa 3aBUCUT. [TonyyeHHas HOBas pacyeTHas CXeMa JaeT BO3MOXHOCTb CMPOrHO3MPOBaTh pacnpeaeneHme Harpysok
Ha MOBEPXHOCTb HECYLLEro OCHOBaHMS. B 3aBMCMMOCTM OT MEXaHUYECKMX XapaKTEPUCTUK BKAAAbILLEN onpeneneHbl BApUaHThI
pacnpeneneHus Harpysku oT pebca Ha nauTy. PacyeT NanTbl Ha NPOYHOCTb BbIMOMHEH MO TPEM CXEMaM, Kak: LOPOXHOW 04eXAbl
XKEeCTKOro TMna, MOCTOBOM KOHCTPYKLMU U QYHOAMEHTHOM NanTbl. PacyeT TpaMBaMHOM KOHCTPYKUMM KaK DYHOAMEHTHOW MAMUTDI

AH HOTALLM CTponTenbCTBO COBPEMEHHbBIX TPAMBAMHbBIX IMHWUI M CO34aHME HOBbIX KOHCTPYKLMI TpebytoT 060CcHOBa-
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A3aeT BO3MOXHOCTb MaKCMMalbHO TOYHO y4e€CTb KOHCTPYKTUB NNNUTbI (apMMpOBaHMe), a pacyeT Kak ,D.OpO)KHOVI ogexnabl — y4yecTb
I'IﬂaHleyeMbIVI CpOK 3KCnyaTaunum U UHTEHCUBHOCTb ABMXEHMA TDaMBaeB NO UccnenyemMomy y4yacrtky.

[Nonesblie UCNbITaHUS npoAeMOHCTPUPOBaNM Ny4dLllyo CXOAUMOCTb TEOPETUHECKUX U OMbITHbIX AAHHbIX NMPU pacyeTe nanTbl Kak
d)yH,D.aMeHTHOIz. Bnaro,u,apﬂ dHanM3y MeETOA0B pacyeTa nNpenoxXmMnm HOBYHO METOAMKY pacyeTa Hecyu.Le|7| NNNTbI TpaMBaﬁHOFO nymm
Ha NPOYHOCTb, KOTOPAs yYUTbIBAET I'IﬂaHIApyeMbll;I CpOK 3kcnnyaTaumn, UHTEHCUBHOCTb ABWXEHNA TPaMBaEB U pand opyrnx q)aKTOpOB.

Kn |_0L|EBb|E CﬂOBA. TpaMBaMHbIi NyTb; 6e36annacTHas KOHCTPYKLMS; pacyeTHas CXeMa; MeToAMKa pacyeTa;
+ NpupenbcoBble NPodUIN; LMKIUYECKUE UCMbITAHUS

[na untuposauusa: AydkuH E.IM., Moxcun A.X.A., Cynmaros H.H. Bbibop U 060CHOBaHWe METOAMKM pacyeTa TPaMBaMHOIo MyTU Ha

npoyHocTb // Tpancnopt BPUKC. 2023.T. 2. Bein. 1. C7. 3. https://doi.org/10.46684/2023.1.3.

INTRODUCTION According to the standard calculations of tram
track stiffness, it is necessary to calculate the dis-

The calculation of tram track stiffness is based on  tribution of load from the tram to the load-bearing
the calculation of stiffness in its foundation compo-  concrete slab. Theoretically, three options can be con-
nents. There are two types of tram track design such  sidered: point load from each wheel, load distributed
as rail-sleeper structure and monolithic (concrete  over the section between the wheelset axles, and point
slab) structure. Design of tram tracks on sleepersisa  load under the rail at the wheelset centre as it is the
standard procedure today as conventional methods are  point of rail maximum deflection. Therefore, studies
used for calculating a railway track [1]. The design of = on the dependence of rail deflection on the coefficient
a monolithic slab as load-bearing foundation requires  of the plantar profile bedding and the tram axial load

feasibility study of calculation methods as it is neces-  are important as they determine the rail/slab load
sary to take into account the specific features of this  transfer [7-15]. Rail deflection was calculated using
type of design. formula (1).
N P —B|x, —Xx;
yx) = X Ll Pl
RAILDYNAMICS CONSIDERATIONS J=1B°ElL 1)
IN RELATION WITH RAIL AND SLAB «(cos (-l — ;) + sin (Bl — x; ).

INSULATION SYSTEMS

The tram track slab is laid on a prepared sub-slab ~ where x, is the load application coordinate; N is the
base layer consisting of sand, crushed stone and con- number of sections the rail is divided into; P]. is the tram
crete. Depending on the conditions, the thickness of axial load, kN; B is the slab relative stiffness modulus;
the structural layers varies and therefore the modulus X; is the coordinate of the section under consideration;
of elasticity of the base layer on which the track slabis  EI is the rail bending elasticity, Hm?

placed varies too. Another feature of modern tram track Calculations on rail deflection under different axial
structures is the use of insulating materials such asrail ~ loads with different coefficients of the plantar profile
profiles and/or vibration insulating mats (Fig. 1) [2-6]. bedding are shown in Fig. 2 and 3.
Ri60  side profile 290 mm-rginforced concrete monolith
|V|brat|on isolation mat
concrete base

, 961 , 1524 , 17

Fig. 1. Application of insulating materials
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Fig. 2. Rail deflection (mm) depending on the coefficient of the plantar profile bedding C, (MPa/m) at P = 83.3 kN/axis in different
sections
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Fig. 3. Rail deflection A=A

abs

= h, - h_(mm-107%) under different axial loads Pos (kN/axis) depending on the coefficient of the plantar

profile bedding C, (MPa/m), where h, is rail deflection under tram car wheels; h_is rail deflection at the midpoint between wheel pairs

The studies have shown that the axial load does not
effect the rail deflection shape. This depends mainly
on the coefficient of the plantar profile bedding. Theo-
retically, we can assume three types of load transfer
from the tram bogie through the rail to the concrete
slab surface depending on the stiffness of the plantar
profile (Fig. 4-6). They are point load (separately from
each wheel), load distributed in the section between
the wheelset axles, and point load from the rail in the
centre between the wheels, given rail maximum deflec-
tion in that section (Fig. 2) [7-11].

A tram track on a monolithic foundation can be cal-
culated according to three types of design such as rigid
surface pavement, bridge structure and foundation
slab [3, 6, 7]. According to these three types, the calcu-
lations were made taking into account the specifics of
rail/slab load transfer.

URBAN STUDIES, TRANSPORT AND LOGISTICS TECHNOLOGIES

The analysis of the results showed that the calcula-
tion of the tram track-bearing slab as a rigid surface
pavement is limited to the determination of stiffness
factor K. It is calculated by the formula

Rrgsch
K, =10< n

Gpt

(2

where R;g“" is calculated concrete tension stiffness at
bending, o, is tensile stresses at bending caused by
load action on the concrete slab taking into account the
temperature difference across the thickness of the slab.

This method of calculation does not allow deter-
mining the distribution of forces arising in the slab in
sections and does not take into account the nature of
reinforcement. As a result, we obtain stresses only at
the points of rail/concrete surface contact.
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Fig. 5. Load transfer to the load-bearing
concrete slab with the planar profile
stiffness of 130 MPa/m

Fig. 6. Load transfer to the bearing
concrete slab with the planar profile
stiffness from 10 to 130 MPa/m

Fig. 7. Mosaic of stresses due to bending moment M,_(kN/m) with axial load of 58.86 kN/axis and coefficient of planar profile bedding
C,=50,000 kN/m

The design of the tram track stiffness as a bridge
structure using a simplified calculation scheme (beam
on two supports) is unacceptable. The calculations are
reduced to the slab with elastic foundation that is the
foundation slab without taking into account the base
layer performance under the slab [12-19].

When the tram track is designed as foundation slab,
the forces occurring in each final element are deter-
mined (Fig. 7), thus, allowing us to analyse the overall
stress state of the slab with different variants of its re-
inforcement.

To verify the results of theoretical calculations, lab-
oratory and field tests were carried out. For laboratory
tests, a tram track structural element was made and it
was subjected to cyclic loads. Thus, the dependence of
the stresses caused in the track structural elements on
its service life was obtained [11, 15, 19]. The test bench
is shown in Fig. 8.

The results are presented in the Table.

The analysis of the results obtained confirms that
the qualitative picture of the stress distribution in the
slab obtained in the theoretical and laboratory studies
is similar. As the number of cycles increased, the stiff-
ness characteristics of the rail profiles were modified,
which should be taken into account when developing
the design model.

URBAN STUDIES, TRANSPORT AND LOGISTICS TECHNOLOGIES

Field tests were carried out using strain gauges to
measure the stresses in the concrete slab as the tram
passed (Fig. 9).

The experimental studies have shown that the cal-
culation data of the tram track as a foundation slab
have the greatest convergence with the experimental
data (the difference between the experimental and
theoretical results was 16 %) [2, 5].

This method can be recommended for designing a
tram track on a concrete slab. It provides for the cal-

Fig. 8. A tram track structural element used in cyclic tests
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Fig. 9. Example of recording the bending stresses o, (kg/cm?) in the slab during the passage of an empty tramcar

Table

Cyclles . Concrete under rail foot (compression in all areas) Rubber
completed, « i
mi‘;lion “leI::’l::ge, “IeI:t?’lZ:ge, ral?l tar)l(?s, e “rig?l:’l’?;ge, “rig?l:’l'?;ge, Safetyomargin, I::rti:;nl:gl’
horizontal vertical horizontal | ¥SVerticdl | porizontal vertical @ (tension)

0 -(7-8) -(13-15) -(31-33) ~(7-8) -(8-10) ~(7-8) 87 +1-1,2)
3,37 -(8-10) -(10-15) -(34-38) -(75-95) -(9-12) ~(7,5-9) 86 +0,7-0,9)
6,755 -(7.5-9) -(9-12) -(33-39) -(7-8) -(7-10) -(7-9.5) 85 +0,7-0,9)
9,94 -(8-9) -(12-14) -(34-39) -(9-10,5) -(9-11,5) -(11-12) 85 +0,7-0,9)

culation of the tram track structure in two stages:
the determination of the sub-slab layer bedding coef-
ficient and the determination of the bending forces
generated in the load-bearing slab. At the same time,
the design of the tram track as rigid surface pavement
makes it possible to take into account a number of
factors that influence the stiffness of the structure,
such as traffic density, duration of load application,
etc., by introducing relevant factors which are not
taken into account in the design as foundation slab. It
is therefore necessary to synthesize these two calcu-
lation schemes. As a result, a formula is proposed for
calculating the stiffness of the tram track load-bearing
slab that takes into account all the factors mentioned
above.

R -k, K, k, K, k,

bf . Orif

where R, is the design tensile stiffness of concrete at
bending; o, .is the standard tensile stiffness of poly-
mer-fibrated concrete at bending; k, is the fatigue fac-
tor of concrete under repeated loads. It is determined

by the formula

K, = 1,08(XN,) %%,
where ZNP is the total number of applications of the
given load during the calculated lifetime; k, is the coef-

ficient of concrete behaviour which takes into account
duration of the load action; k, is the coefficient of con-

URBAN STUDIES, TRANSPORT AND LOGISTICS TECHNOLOGIES

crete behaviour which takes into account the concrete
layer height; k, is the coefficient of concrete behaviour
which takes into account the alternate freezing and
thawing of concrete; and k, is the coefficient of con-
crete behaviour which takes into account the character
of concrete structure failure.

CONCLUSION

The calculation of the stiffness of a tram track load-
bearing slab as foundation shows the most reliable re-
sults as the difference between theoretical and experi-
mental data is 16 %. This method makes it possible to
determine the stresses caused in each element taking
into account the nature of reinforcement. This allows
analyzing the overall stress state of the slab. The im-
proved method mentioned above (taking into account
additional factors) is recommended for calculation of
the tram track load-bearing slab for stiffness.

The linear dependence of occurring bending stress-
es on the sub-slab layer stiffness and axial loads within
given tram axial loads and bedding coefficient allows
for the unification of consolidated tables of values oc-
curring in the tram track load-bearing slab depending
on the bedding coefficient and tram axial load for a
given slab geometry. Thereby simplifying the calcula-
tions for the slab stiffness.
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