ISSN 2413-6212 (Online), ISSN 2227-1252 (Print)
MocTH Ta TyHeJIi: Teopis, 10CTi:KeHHs, NPaKTuKa, 2020, Ne 17

MOCTH TA TYHEJI: TEOPIS, JOCJALKEHHS, IPAKTUKA
V]IK 624.21:625.1-026.564:[519.6]

V. V. MAROCHKA? S. H. BOBOSHKO?**

! Department «Bridges and tunnels», Dnipro National University of Railway Transport named after Academician V. Lazaryan,
Lazaryan Str., 2, Dnipro, Ukraine, 49010, tel. +38 (056) 776 83 10, e-mail markay905@gmail.com,

ORCID 0000-0001-8856-5708

' Department «Bridges and tunnels», Dnipro National University of Railway Transport named after Academician V. Lazaryan,
Lazaryan Str., 2, Dnipro, Ukraine, 49010, tel. +38 (056) 776 83 10, e-mail stepanboboshko@gmail.com,

ORCID 0000-0002-7612-0696

NUMERICAL ANALYSIS OF REINFORCEMENT OF SECTIONS WITH
TRANSITIONAL RIGIDITY ON APPROACHES TO RAILWAY BRIDGES

Purpose. To analyze the mechanism of work of embankments, to model three-dimensional models and to com-
pare methods of their reinforcement on transitional areas on approaches to railway bridges using the Lira software
based on finite element method (FEM). To do comprehensive analysis of results and comparison of constructive
performance of different reinforcement methods. Methodology. Numerical finite element modeling (FEM) had been
performed to study the work of embankments in transition sections on approaches to railway bridges. Four three-
dimensional models of the construction of the transitional section, corresponding to the real bridge, had been con-
structed. These models had been tested for nominal load to evaluate their performance relative to each other. Find-
ings. As a result of the calculations, the deformation characteristics for the basic model and each of the reinforce-
ment types had been obtained, and their comparisons had been made by determining the maximum vertical defor-
mations and vertical deformations at key points. The analyze of feasibility of using the tested reinforcement methods
under different real initial conditions had been performed. Originality. The main aspects of the work of the transi-
tion sections over long periods of time had been revealed. Comparisons of fundamentally different methods and
types of reinforcement of sections with transient stiffness had been made. The expediency of the methods of rein-
forcement of the embankment construction in the transitional sections that had been proposed in previous works had
been tested. Practical value. The proposed reinforcement methods may be used depending on the specific design
conditions, the budget, and other factors. Evaluating the work of different types of reinforcement during numerical
analysis makes it possible to move away from large-scale field trials and focus on other methods, which significant-
ly reduces time spent on solving current problems.

Keywords: stress-strain state; numerical modeling; finite element method; transitional stiffness; approaches;
bump; dip

their reinforcement in developed countries
(Marochka, & Boboshko, 2018).

While the methods of reinforcement based on
the complete restructuring of the embankment
mound are the most widely used by foreign engi-
neers, among the patents of Ukrainian bridge-
builders there are more frequent ways of rein-
forcement, which require a minimum amount of
excavation, and sometimes do not even involve
dismantling the upper structure of the track (Tejada
A. de Miguel, 2015; Marochka, & Boboshko,
2018).

The main criteria for choosing a reinforcement
method are to evaluate the complexity of the erec-
tion, the financial feasibility and the design effi-
ciency. If the first two criteria are easily computa-
tional, the last one requires the greatest amount of
research.

Introduction

The problems of excessive vertical defor-
mations in transition sections on the approaches to
the railway bridges have arisen almost from the
very beginning of history of appearance of artifi-
cial structures on the railways. However, greater
attention had been paid to it amplification in the
20th century, and the largest studies of the me-
chanics of their work came at the end of the 20th -
beginning of the 21st century (Nicks, 2009b).

Studies of arias with transient stiffness have
shown the need to reinforcement them for normal
operation of the structure over long periods of
time. The analysis of areas with transient stiffness
performed in previous work has allowed not only
to outline the main causes of their occurrence, but
also to investigate and compare the methods of
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The choice of the most rational from the point
of view of the right design reinforcement can be
determined by various methods, among which the
basic are mathematical modeling, experimental
research and full-scale tests (Seo, 2003; Paixao,
2014).

Mathematical modeling is the least complex
from an organizational and financial point of view
and allows research to be carried out regardless of
natural and geopolitical conditions. Besides, the
reliability of the results can be verified by experi-
mental method or field tests.

The determination of the stress-strain state al-
lows us to focus on the deformations arising in the
structure due to its long-term use.

When using mathematical modeling by finite
element method, there are several factors to con-
sider: constructive correctness of the model, real
conditions of structure attachment, and the load
application that will meet the necessary research
conditions (static long-term or dynamic shock
load) (Paixao, & Fortunato, 2009).

Purpose

To construct the models of transitional sections,
which would correspond to the real work of the
structure and to compare their reinforcements on
the basis of the obtained results.

Methodology

To solve the problem of studying the interac-
tion of the embankment of the bridge in the transi-
tion section with its reinforcement and to select the
most appropriate reinforcement, we use a complex
method, which includes the analysis of stress-strain
state (SSS) in mathematical modeling. This ap-
proach to this problem makes it possible to find out
the dependencies or regularities of the formation of
the SSS of construction with different variants of
reinforcement of transition sections, since the
mathematical modeling results reveals sufficient or
insufficient correspondence of the proposed mod-
els to the real bridge (Tsmouxun, 2009).

Numerical analysis using finite element method
had been used for mathematical modeling of the
task of interaction of reinforcement with the sur-
rounding mass. While not giving information on
the nature of the method described in many classi-
cal analytical works, it should be noted that FEM is
the most progressive method of numerical simula-
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tion, since it allows to study complex deep and
underground structures in interaction with the sur-
rounding array. Analyzing a number of advantages
of the given method, it should be noted that in
solving FEM problems, no additional assumptions
are required to be introduced into the calculation
scheme (FE model), i.e. the influence of uncertain
parameters on the calculation results is minimal
(Kympiii, & Trotekin, 2012; Kymnpiii, KynaxeHko,
& TI'ynxoBa, 2015).

To determine the stress-strain state of the struc-
ture of the transition section on the approach to the
railway bridge and to determine the most optimal
method of reinforcement of the embankment,
three-dimensional finite-element models were con-
structed in the LIRA software complex (Rahmani,
& Kebdani, 1981; Ilerpaxos, 1995; Dahlberg,
2001; Nicks, 2009a).

The experimental model, that had been used in
this work based on a real railway bridge on the
Loshkarovka — Pavlopillya line of the Merefa —
Kherson line in Ukraine.

Since the deformations with respect to the XoZ
plane are symmetrical, the model is executed for
half the construction of the transition section.
When modeling the initial structure, the general
model of length 44.5 m includes the section of the
embankment 14.5 m in front of the abutment, the
abutment itself, and 20 m of the embankment be-
hind the abutment (Figure 1). The latter is the main
object of observation.

Three types of reinforcement of the embank-
ment construction were selected for verification
and comparison: 1) reinforcement by gabion box-
es; 2) reinforcement by vertical soil cement piles;
3) the use of reinforced and sorted soils.

The soil array had been modeled from hexago-
nal and octagonal finite elements, preferably with a
side of 0.5 m.

The main points of observation are the upper
points of contact of abutment and embankment.
For simplicity, they were given the names "T1",
"T2" and "T3" (Figure 2).

To simulate the structural reinforcement of ga-
bion boxes (model Ne 2), the top part of the em-
bankment had been given a stiffness corresponding
to the gabion boxes. Reinforcement of the structure
is carried out by means of pairs of gabion boxes of
sizes 3000%2500x2000, 3000x2500%x1500 and
3000%2500%1000. Gabions are modeled as octag-
onal finite elements of appropriate stiffness.
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Fig. 1. Finite element model Ne 1

Fig. 2. Points of deformation reading

For model Ne 3 (reinforcement with soil cement
piles), the decision was made to model piles with
hexagons in section, consisting of finite elements
in the form of triangular prisms.

Piles of length from 13 to 8 m with multiplicity
of 1 m are placed along the "X" axis by a cascade
of 3 pieces for each length. The distance between
the axis of the first pile and the abutment is 2 m,
the distance between the piles is 1 m in the axes.
The distance from the pile’s axes to the edge of the
model is 0.5 m.

Model Ne 4 is the most widely used type of re-
inforcement in the EU countries and provides for
the replacement of the transition embankment soil
by sorted and cement reinforced soils. The model
is constructed in the same way as model Ne 1 with
the replacement of the stiffness of the soil of the
transitional section to those corresponding to the
sorted (blue color) and reinforced cement sorted
soil (pink color).
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Fig. 3. Finite element model Ne 2

Fig. 4. Finite element model Ne 3

Fig. 5. Finite element model Ne 4
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To further calculations of the joint work of the
abutment and the surrounding array using finite
elements corresponding to the transitional sections
on the railway bridges, soil layers and additional
reinforcement elements, the characteristics of the
material stiffness were assigned, which numerical-
ly reflect their deformation characteristics (modu-
lus of elasticity and Poisson's ratio), and the mag-
nitude of the own weight of the materials (Kaprmu-
noBckuii, Kpukcynos, Ilepensmyrep, & al., 2000).

The characteristics of the above parameters are
given in Table 1.

The variants were calculated on a nominal ver-
tical distributed load of 10 kN/m? applied to the
upper embankment plane behind the abutment.

Table 1
Finite element characteristics
Number
of stiff- E, P,
ness tem name KN/m® KN/m® H
type
Soils
1 Loam 25000 20.1 0.3
2 Sorted Loam 80000 22.3 0.3
3 | Sorted rein- |, o5 231 | 03
forced Loam
Reinforced concrete
4 |B25 | 3.0x10" [ 250 | 0.2
Other materials
5 Soil cement 2.5x10° | 245 0.3
6 Gabion boxes | 3.0x10° | 20.0 0.3
Results

The results of the calculation show real reflec-
tions of deformations of the soil massif of the em-
bankment. In calculations Ne 1, 2, 3 and 4, the re-
sults of the vertical displacements of the structure,
which are shown in Figures 6, 7, 8 and 9, respec-
tively, had been obtained.
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As can be seen in Figure 6, the maximum de-
formations in the initial structure of the transition
section were 5.04 mm, the deformations at the
points T1, T2 and T3 — 2.53; 3.9 and 4.17 mm re-
spectively.

With the reinforcement of the upper section of
the structure by gabions, the maximum vertical
displacement decreased by 65.9 %, and the dis-
placement at points T1, T2 and T3 was 0.98; 1.11
and 1.15 mm respectively, up 61.2; 71.5 and
72.4 % less.

With the reinforcement of the structure by soil
cement piles, the maximum vertical displacement
decreased by 47.4 %, and the displacement at
points T1, T2, and T3 was 1.4; 2.13 and 2.25 mm
respectively, up 44.7; 45.4 and 46 % less.
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Fig. 7. Vertical displacement diagram, scheme Ne 2
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Fig. 8. Vertical displacement diagram, scheme Ne 3

With the reinforcement of the structure by sort-
ed and cemented soils, the maximum vertical dis-
placement decreased by 69.2 %, and the displace-
ment at points T1, T2 and T3 was 0.77; 0.8 and

0.81 mm respectively by 69.7; 79.5 and 80.6 %
less.
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A general comparison of vertical relocation of
key points is summarized in Table 2.

Table 2
Comparison of vertical displacements
Model Ne Amax A1 At A3
NelTheoriginal | g0, | 953 | 300 | 417
design
g:zeab'o”box' 1.72 | 098 | 111 | 115
Ne3 Soil cement | 5 oo | 140 | 213 | 2.25
piles
NedReinforced | 5o | 527 | g0 | 081
and sorted soils

As a result of the tests, the greatest reinforced
effect was shown in models Ne 2 and Ne 4. The
reinforcement Ne 3 though showed the result, but it
was lower than expected.

From a technological point of view, Rein-
forcement Ne 3 is the easiest to implement because
it does not require disassembly of the upper struc-
ture of the coil, and, as a result, allows you to re-
duce cost not only for the work on reinforcement,
but also significantly reduce the loss of profit from
stopping traffic on the railway section.

Reinforcement Ne 2, although needing to dis-
mantle the upper structure, is not costly in terms of
the use of materials and construction machinery
and the delivery of materials, as gabions can be
assembled directly on site in the design position in
the prepared ditches.

Reinforcement Ne 4, although it showed the
best result, is the costliest in the planned bridge
reinforcement. Such a reinforcement scheme is
most appropriate for the construction of new struc-
tures or renovations. This method is the most wide-
ly used in the EU countries.
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As a conclusion, from the technological and
practical point of view, in the current conditions of
the Ukrainian railways and the manufacturing sec-
tor, the most expedient method is to reinforce the
transitional areas with gabions.

Reinforcement with soil cement piles is a local
temporary solution that can increase the stiffness
of the embankment structure and thereby reduce
subsidence.

Reinforcement of sorted and cemented soils,
though yielding the best results, is the costliest and
expedient only in the construction of new bridges.

Originality and practical value

When calculating soil arrays and their interac-
tion with other objects, the finite element method
gives the closest picture to the real conditions of
the nature of deformations. Its use makes it possi-
ble to solve the set tasks in the shortest possible
time, taking into account the detail of the built
models, which brings them as close as possible to
the real mechanics of the construction.

The design of reinforcing of transitional sec-
tions using soil cement piles is the least costly and
allows for reinforcement without disassembly of
the top track structure.

As an alternative to this reinforcement method,
it would be advisable to propose the use of gabion
structures. This method does not require the high
cost of material delivery, reinforcement, and
maintenance of the consignment over a medium
period of time.

The most effective method in the long run is
the use of sorted and cemented soils in the con-
struction of embankment structures.

Conclusions

On the basis of the conducted researches it is
possible to draw conclusions about the effective-
ness of different methods of strengthening the
structures of sections with a transient stiffness in-
dex from each other.

An analysis of the stress-strain state of the
structure makes it possible to draw conclusions
from the weakest points of the transition areas and
to visually check the feasibility of any of the pro-
posed reinforcements by finite element modeling.

Each of the proposed reinforcement methods is
situational and can be used depending on the de-
sign conditions and the budget laid down.
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YUCEJBbHUM AHAJII3 NIJCUWJIEHHS JUISHOK 3 NEPEXITHUM
IHOKA3ZHHUKOM KOPCTKOCTI HA HIAXOJAX 10 3AJIBHUYHUX

MOCTIB

Merta. BuBueHHS poOOTH HACHUIIIB, MOJCIIOBAHHS 00’ €MHHUX MOZEJICH Ta TOPIBHAHHS METO/IB X TiICHIICHHS Ha
MIepeXiTHUX JIAHKAX Ha IMiIXOAax JO 3alli3HUYHUX MOCTIiB 3a JIONIOMOTOIO IIPOrpaMHOro KOMIUIeKCy Lira, 1o
6azyetbcs Ha Metomi ckiHueHux eneMeHTiB (MCE). KommuekcHuil anani3 pe3yiabTaTiB Ta IOPiBHSHHS
KOHCTPYKTUBHOI €()eKTUBHOCTI pOOOTH pi3HUX METOMIB miacwieHHs. MeTtomuka. [1111 BUBYCHHS poOOTH HACHUIIIB Ha
TIepexiIHUX AITHKAX Ha MiIXo/ax 10 3aJli3HHYHUX MOCTIB IIPOBE/IEHO YMCIIOBE MOJIETIOBAHHS METOIOM CKiHUCHHUX
enemenTiB (MCE). IToOynoBaHO 4OTHpHM TPHBHMIpHI MOJENl KOHCTPYKIII IepexifHoi MUISHKH, IO BiANOBimae
pearbHOMY MoOCTy. BHKOHaHe BUNIPOOYBaHHS NHMX MOJeJNell Ha HOMIHAJbHE HABAHTAXEHHS U OLIHKH iX
edeKkTUBHOCTI OffHa BigHOCHO onHOI. Pe3yiabraTn. 3a pe3ynbTaToM po3paxyHKiB Oyso OTpHUMaHO JedopMaThBHI
XapaKTEepPUCTUKH st 0a30BOI MOjENi Ta KOXKHOTO 3 THUIIB ITJCWICHHS, MPOBEACHO iX MOPIBHSHHS IUIIXOM
BH3HAYCHHS MAaKCHMAJbHUX BEPTHKAJIbHUX nedopmaniii Ta BepTHKaJIbHUX Jedopmanii B KIIOYOBHX TOYKaX.
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BukonaHO aHami3 JOIIIEHOCTI BUKOPUCTAHHS BHUIPOOYBAHUX METOIIB IMiJACHICHHS 32 Pi3HUX PEaTbHUX BUXITHUX
ymoB. HaykoBa HoBH3HA. BUsIBI€HO OCHOBHI acrieKTH poOOTH HEpeXiTHUX IUISHOK ITPOTATOM BEJTMKHUX IPOMIKKIB
yacy. BUKkOHaHO TOpIBHSHHS NPHHIMIIOBO Pi3HUX 32 METOJAMM BIJIAIITYBAHHS Ta THUIAMH MiJCHIICHb MIJITHOK 3
MIepexiIHIM TOKa3HUKOM >KOpcTKocTi. IlepeBipeHa MOIUIBHICT, METOAIB MiJCHICHHS KOHCTPYKLIi Hacumy B
MepexiIHNX JUITHKAaX, 3alpolOHOBAaHMX B romepenHix poborax. IIpakTmyHa 3HaYMMicTh. 3ampoIlOHOBaHI
BapiaHTH MiJICHIEHHS MOXYTh BUKOPHCTOBYBATHCS B 3aJISKHOCTI BiJ| creli(iyHNX yMOB KOHCTPYKIIii, 3aKJI1a€HOT0
Oropkery Ta iHmMX ¢axropiB. OmiHKa poOOTH PI3HMUX THUINB MiJICHJICHHS B XOJI YHCEIBHOIO aHAJi3y Ja€ 3MOry
BiJIMTH BiAx MacmTaOHMX HATYPHUX BHNPOOYBaHb Ta 30CEPEIUTHCS Ha IHIIMX METOJax, IO I03BOJSE iCTOTHO
3HWU3UTY YaCOBI BUTPATH HA PIIEHHS aKTYaJbHAX MPOOJIEM.

Krouosi cnosa: nepopMoBaHuii cTaH; METO/I CKIHUCHHX €IIEMEHTIB; TIEPEXiHA KOPCTKICTh; i AXOIH; IIBHUIKIC-
HUH PyX; TIepeMOCTOBA sIMa
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YUCJIEHHBIN AHAJIN3 YCUJIEHUS YYACTKOB
C HEPEXO/JHbBIM ITOKA3ATEJIEM KECTKOCTH
HA NOAXOJAX K KEJIE3HOJOPOKHBIM MOCTAM

Heas. M3y4yenue paboThl HackInei, MOAEIHPOBaHNE 00BEMHBIX MOZICJICH U CPaBHEHHE METOIOB HX YCWIJICHHS Ha
MIEPEXOJHBIX yYaCTKax Ha MOJAXO0Jax K JKEIe3HOJOPOKHBIM MOCTaM C IIOMOIIBIO IPOrpaMMHOro Komiuiekca Lira,
KOTOpBII Oa3upyeTcst Ha MeTojie KOHEUHBIX 3eMeHToB (MKD). AHanu3 pe3yabTaToB U CpaBHEHHE KOHCTPYKTHBHOMN
3¢ PEeKTUBHOCTH pabOTHI Pa3IMUHBIX METONOB ycuineHus. Meroauka. [y u3ydeHus paboThl HaChINe Ha Mepexo-
HBIX YJacTKax Ha MOJXOJax K ’KEIEe3HOJOPOKHBIM MOCTaM IPOBEACHO YHCIEHHOE MOJEINPOBAHHE METOAOM KO-
HeyHbIX 31eMeHToB (MKD). IloctpoeHo deTsipe TpexMepHBIE MOJIEIH KOHCTPYKIUH TEPEXOJHOr0 y4acTKa, KOTo-
pBIE COOTBETCTBYIOT PEaIbHOMY MOCTY. BBITIOJIHEHO HCHIBITaHHE 3THX MOJeleld Ha HOMHHAIBHYIO Harpy3Ky s
OLIEHKH UX 3((eKTHBHOCTH IPYyr OTHOCUTENBHO Apyra. Pesyabrarel. 1o pesynbraram pacdeToB OBLIO MOTYyYEHO
nehopMaTUBHBIE XapaKTEPUCTHKU U1l 0a30BOH MOJIENM M Ka)JIOTO U3 TUIIOB YCHIICHHS, IPOBEJICHO MX CpaBHEHUE
ITyTeM OIpe/eIeHUs] MaKCHMAIIbHBIX BEPTHKAJIBHBIX JeOpMaIiii ¥ BEPTUKAIBHBIX JeopMannii B KIIIOYEBHIX TOU-
Kax. BeImonHeH aHanmu3 11emecoo0pa3HOCTH HCIIONB30BAHHS WCIBITAHHBIX METOMOB YCHJICHHS IPH Pa3JIMdHBIX pe-
QIBHBIX MCXOMHBIX ycioBuil. HayuHnasi HoBH3HA. BBIsSBIEHO OCHOBHBIE acTIEKTHl pabOTHI MEPEXOIHBIX YIaCTKOB B
TeuyeHne OOJBIINX NPOMEKYTKOB BPEMEHH. BBINONIHEHO CpaBHEHHWE NPHUHIMUIMAIBGHO PA3IMYHBIX 110 METOAaM
YCTpOWCTBa M THIAM YCHJIEHMH yJacTKOB C IIEPEXOIHBIM ITOKa3aTtenieM jkecTkocTH. [IpoBepeHa 1nenxecoodpasHOCTh
METOJIOB YCHWJICHHS! KOHCTPYKIMH HACHITA B IEPEXOAHBIX yJYacTKaX, MPEAIOKEHHBIX B MPebIAyIIUX paboTax.
IIpakTHyeckasi 3HAYUMOCTb. [Ipe/UIoKeHHBIE BapHaHTBl YCHIICHUS MOTYT HCIIONB30BaThCS B 3aBUCHMOCTH OT
crenu(UIecKuX yCIoBU KOHCTPYKIIUH, 3aJI0)KEHHOr0 O0/pkeTa u Ipyrux (akTopoB. OueHka paboThl pa3IHIHBIX
THUIIOB YCHJIEHHSI B XOJI€ YMCIEHHOTO aHaJIM3a ITO3BOJISET OTOWTH OT MAcIITaOHBIX HATYPHBIX HCIBITAHUN U cocpe-
JIOTOUNTHCS HA APYTUX METO/AX, YTO ITO3BOJISIET CYIIECTBEHHO CHU3UTH BPEMEHHBIE 3aTPaThl HAa pElICHHE aKTyallb-
HBIX IPOOJIEM.

Kniouesvie crosa: neopMUpOBaHHOE COCTOSHUE; METOJ KOHEUHBIX JIEMEHTOB; IEPEXOHas XKECTKOCTb, MOA-
XOJIbl; CKOPOCTHOE JIBIKEHHE; TTPEAMOCTOBAs siMa
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