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NUMERICAL AND MODAL ANALYSIS
OF THE RAILWAY BRIDGE PIER

Purpose. The purpose of the scientific research is to conduct numerical and modal analyses of the railway
bridge pier with a variation of load combinations and to determine the strength parameters and dynamic characteris-
tics (shape and frequency of natural vibrations). Methodology. Pile foundations are the most economical and effec-
tive for bridge construction. In this case, the pile foundation of the overpass pier is constructed on bored piles. To
reproduce the features of the pier’s pile foundation, a spatial FE-model was used, which most accurately reflects its
interaction with the surrounding massif. Findings. An analysis of the results of the stress-strain state of the overpass
pier foundation was performed, taking into account the train load, which made it possible to obtain a conclusion
about the high bearing capacity of all parts of the “pile — pile cap” system for all considered types of combinations
with a safety margin of 8 and 7 times, respectively, which indicates normal operation in the future provided an un-
changed state of engineering and geological conditions and loads. The connection point of the piles and the pile cap,
made of concrete class C25/30, fully withstands all types of loads presented in the combinations. A modal analysis
of the foundations of the overpass pier models was performed and the frequencies and shapes of the foundation were
obtained, which are equal to 4.2 Hz (main tone) ... 17.4 Hz, and from comparing these frequencies with the lique-
faction frequencies of wet sands (30 ... 50 Hz) it is clear that the support's own vibrations cannot cause vibration
liquefaction. Originality. The originality of the study lies in obtaining the values of the stresses of the overpass pier
in the static formulation, as well as the dynamic characteristics (shape and frequency of natural vibrations) in the
dynamic formulation. Practical value. The practical value lies in the substantiated assessment of the values of the
pier’s vibration frequencies, which is based on the results of modal analysis and indicates the absence of sand lique-
faction.

Keywords: railway bridge; pier; numerical analysis; modal analysis; modes and frequencies of natural vibrations

transition into the pier.
Introduction When analyzing the operation of bridge support
structures and their foundations, it should be taken
into account that they interact with the soil base
and it is the features of this interaction that dictate
the formation. It should be taken into account that
in the general case, SSS is formed during dynamic
impact, which in a simplified form can be modeled
as a set of static states. However, complete infor-
mation about the pile foundations of bridge sup-
ports can be obtained only when solving a compre-
hensive problem formulation — addressing both

The gradual transition of railways to high-speed
and higher-speed traffic increases the relevance of
the stress-strain state (SSS) studies of bridge
(overpass) elements under train loads. At the same
time, the range of studies should be somewhat in-
creased in the case of analysis of stresses and dis-
placements of the foundations of bridge crossings
piers, since the dynamic impact of a train has spe-
cific characteristics in terms of the propagation of
vibration waves within the embankment and their
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static (Dubinchyk, Bannikov, Kildieiev, &
Kharchenko, 2020) and dynamic problems.

The solution of the static problem allows for
the assessment of the correctness of the adopted
engineering solution, i.e. to analyze the stresses
and displacements of the designed pier foundation
under the action of its own weight and train load
(Lu, Xie, & Shao, 2012; 3aropyiiko, & JlozoBuii,
2012; JIy6inunk, & Hemyxka, 2021). The detail of
the information obtained about the SSS of the
foundations and the surrounding soil allows for
drawing a conclusion regarding its further opera-
tion.

Even during the static analysis, the possibility
of several scenarios of the train position relative to
the support and the span structure is taken into ac-
count. Therefore, the obtained SSS values for the
static problem allow for assessing the structure
under study not in one state, but in a certain spec-
trum of states.

The formulation of the dynamic problem of the
train impact study is more complicated than the
static one, since the calculation area (pier, founda-
tion, surrounding soil and part of the railway em-
bankment) has significant dimensions, and the in-
crease in the dimensionality of the problem makes
it impossible to solve it on a personal computer
(Zhan, Wang, Yan, Deng, Zhu, & Liu, 2022). The
complexity is also noted when choosing a set of
loads, since the position of the train impact chang-
es, and this change affects the SSS of both the em-
bankment and the pier.

Purpose

The purpose of the scientific research is to con-
duct numerical and modal analyses of the railway
bridge pier with a variation of load combinations
and to determine the strength parameters and dy-
namic characteristics (shape and frequency of natu-
ral vibrations).

Methodology

Pile foundations are the most economical and
effective for bridge construction. The main struc-
tural elements of the pile foundation are piles. In
this case, the pile foundation of the overpass pier is
constructed on bored piles (Fig. 1).

The foundation is constructed with a buried pile
cap. The number of piles in the foundation is 4.
The pile foundation is constructed mainly in sands.

To prevent collapse of these soils, metal casing
pipes are immersed.
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Fig. 1. General view of the pier

Installation is performed in separate sections of
different lengths, which are connected to each oth-
er by welding.

To connect the piles with the pile cap, reinforc-
ing frames are installed, which are embedded into
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the pile body and the pile cap. The reinforcement
of the pile shaft is made of two separate reinforc-
ing frames 9.2 m in length long and a frame 4.6 m
long. Concrete of C30/35 class is used for concret-
ing the piles. The total length of the pile under the
support being studied is 12.0 m (11.88 m — the lev-
el after the sludge removal). The distance between
the rows of piles is 2.2 m. The pile is embedded
into the pile cap by 0.1 m. To ensure the embed-
ment of piles, their upper ends are demolished, the
reinforcement is exposed and extended 1 m into
the concrete of the pile cap.

The piles are connected by a pile cap, which
ensures the coupled operation of the piles. The di-
mensions of the pile cap are as follows: length and
width — 3.7 m, height — 1.5 m. Reinforcing meshes
are made of longitudinal and transverse rods

a)

A400S @ 32 mm from 35I°C steel (structural steel
with medium carbon content, significant amounts
of manganese and silicon). On the surface of the
pile cap (edge of the pile foundation) the pier body
is erected.

The connection between the pile cap and the
pier body is achieved by means of reinforcing bar
dowels located on the top of the pile cap. The
length of the outlets is 1 m. Fixation of their posi-
tion during concreting is ensured by conductors.

To reproduce the features of the pile foundation
of the pier, a spatial model was used (Kelesoglu, &
Springman, 2011; Khodair, & Hassiotis, 2013),
which most accurately reflects its interaction with
the surrounding massif (Fig. 2) (Kapnunoeckuid,
Kpukcynos, [TepensmyTep, & al., 2000).

b)

Fig. 2. FE-model and calculation scheme of the pile foundation:
a) general view; b) fragment of the model — system “support — pile cap — piles”
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The height of the model is taken from consider-
ations of the joint operation of the piles and the
surrounding massif, which is composed of wet
sands of different fractions of high compressibility.
The data on the deformation characteristics of the
soils correspond to the materials of engineering
and geological research. The surrounding soil mas-
sif around the foundation is modeled using hexa-
hedral finite elements with compatible nodes
(Stewart, Jewell, & Randolph, 1993; Whelan,
Gangone, Janoyan, & Jha, 2009).

To calculate the pile foundation of the pier, an
elastic formulation of the problem was used, since
plastic deformation of water-saturated sands does
not occur (JIBH B.1.2-2:2006, 2006; JIBH B.2.1-
10-2009, 2009), therefore, the elastic formulation

a)

SINX (HL..
HELA
B

A EE
M Ed 273
v | 273 240
I 240 207
v [ 207 a4
v [ 174 a4
i |l m 108
v [ 108 75
v 75 42
v O] 42 8
A=E %
v 5 58
e 91
1 E 124

YnpasneHue Wkanamu
3akpome| MpunveHuTs| Cnmanmﬂ

of the problem is justified (Wu, Jiang, & Liu,
2020). The number of finite elements is 45 044, the
number of nodes is 46 484 (the number of degrees
of freedom is 139 452). The problem is considered
a problem of medium dimension. Based on the
above data, calculations of the pile foundation and
the pier for 3 load combinations were performed.

Findings

The following are the main parameters of the
stress state of the overpass pier foundation for the
combinations. To save space, the stress compo-
nents for the first combination of loads are given
(Fig. 3), but the text presents the results of the
analysis for all 3 load combinations.

b) c)
ZINZ (kH/M2) STXZ (kH/... B3
Beika. Beikn.
[/l 1597 1469 A
[+ Il 1463 1341 |« Il 302 245
|« mm 134 1213 o Wl 245 188
|v W 1213 1085 |+ W 188 131
v/ 1085 958 4 BEl 74
| ] 958 830 A=l 7
v [ 30 702 A v 17 kS
| mm 702 574 1 - E] %6
[« W 574 -446 + Il 96 153
319 ¥ [ 153 210
191 v @ 210 267
£ |/ [ 267 324
65 o I 324 381
193 | Il 381 438
YnpasneHue wkanamu YnpaeneHue wranamu
MpHreHyTs) Coxpamrg] MpumeHuTs Cu)cpamrﬂ

Fig. 3. Isolines and isofields of stresses in a fragment of the pile foundation model (first combination):
a) normal stresses along the horizontal axis; b) normal stresses along the vertical axis; c) tangential in the vertical plane

The parameters of the deformed state are not
given, since some difficulties arose during their
presentation, which are associated with the excep-
tional homogeneity of the displacement fields and
their insignificant gradient within the calculation
area (a fraction of a millimeter). Since the dis-
placement values fully comply with the require-
ments of the standards, only the stressed state is

analyzed.

The most stressed elements of the pile founda-
tion under the action of their own weight are piles,
and the concentration of normal vertical stresses
occurs in the lower part of the pile, which is natu-
ral. Having analyzed the values of all the given
components, it should be noted that component
analysis is sufficient without the use of equivalent

Creative Commons Attribution 4.0 International

© O. L. Tiutkin, O. 1. Dubinchyk, Quan Zhang, Kaiqian Du, 2025

113



ISSN 2413-6212 (Online), ISSN 2227-1252 (Print)

MocTu Ta TyHeJi: Teopisi, 10CTiIzKeHHsl, MpaKTuKa, 2025, Ne 27

MOCTHU TA TYHEJI: TEOPIA, JOCIIJPKEHHA, TIPAKTHKA

stresses, since the maximum stresses (vertical) are
1.41 ... 1.54 MPa, which, compared with the cal-
culated compressive strength R, (R,=[c]=21 MPa
for a concrete pile of C30/35 class), allows us to
indicate a safety margin of 14.

The stress state patterns between the combina-
tions change slightly: for combination 1, the values
of maximum stresses (vertical) are 1.47 ... 1.60
MPa (safety margin — 13 times); for combination
2, the values of maximum stresses (vertical) are
1.84 ... 2.0 MPa (safety margin — 10.5 times); for
combination 3, the values of maximum stresses
(vertical) are 1.78 ... 1.93 MPa (safety margin — 11
times). Thus, the pile material, concrete of C30/35
class, fully withstands all types of loads presented
by the combinations.

The stress state patterns in the pile cap are as
follows: for 1st combination, the values of maxi-
mum stresses (vertical) are 1.10 ... 1.20 MPa
(safety margin — 14 times, with the calculated
compressive strength R,=[c]=17 MPa for the con-
crete pile cap of C25/30 class); for 2nd combina-
tion, the values of maximum stresses (vertical) are
1.40 ... 1.5 MPa (safety margin — 11.3 times); for
3rd combination, the values of maximum stresses
(vertical) are 1.41 ... 1.54 MPa (safety margin — 11
times). Thus, the pile cap material, that is class
C25/30 concrete, fully withstands all types of loads

represented by the combinations.

For a final conclusion on the strength of the
“pile — pile cap” system, it is necessary to analyze
the connection region of the piles and the pile cap,
as it is a stress concentrator. The stress state pat-
terns at the place of attachment of piles and pile
cap are as follows: for 1st combination, the values
of maximum stresses (vertical) are 1.86
2.0 MPa (safety margin — 8.5 times, with the calcu-
lated compressive strength R,=[c]=17 MPa for the
grillage of class C25/30 concrete); for 2nd combi-
nation, the values of maximum stresses (vertical)
are 2.1 ... 2.3 MPa (safety margin — 7.4 times); for
3rd combination, the values of maximum stresses
(vertical) are 2.2 ... 2.4 MPa (safety margin — 7
times). Thus, the connection region of piles and
pile cap of class C25/30 concrete fully withstands
all types of loads represented by the combinations.

The result of the analysis is the conclusion
about the sufficient bearing capacity of all parts of
the “pile — pile cap” system for all considered
types of combinations with a maximum stress of
2.4 MPa (third combination, place of connection of
piles and pile cap) and the corresponding safety
margin of 7 times, which indicates normal opera-
tion in the future provided unchanged state of en-
gineering and geological conditions and loads.

f

mode 1, frequency — 4.2 Hz

mode 2, frequency — 10.7 Hz

mode 3, frequency — 14.1 Hz

Fig. 4. Schemes of natural forms of vibrations with their corresponding frequencies
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Fig. 4 shows the modes of natural vibrations of
the foundation of a bridge-type overpass, which is
isolated from the general model in the presentation
graphics mode, and is shown upscaled for a more
detailed analysis. 4 higher forms of free vibrations
of the pile foundation of the bridge overpass are
obtained. The nature of the obtained forms reflects
its dynamic operation, but a significant gap be-
tween the frequencies of the first and second
modes (4.2 and 10.7 Hz, respectively) indicates a
possible loss of the vibration mode that develops
relative to a different axis of symmetry.

Analyzing the modes and frequencies of both
half-models, it should be noted that the fundamen-
tal tone (the first mode with a frequency of 4.2 Hz)
was present in both models, which is quite natural.
The vibrations according to the first mode are line-
ar movements along the vertical axis without any
bending; the second mode (8.2 Hz) is characterized
by significant bending of the pier body in the lon-
gitudinal direction and some movements of the pile
cap and piles along the vertical axis. The similar
third mode (10.7 Hz) is also characterized by bend-
ing, but in a different plane, perpendicular to the
second mode; the most informative from the point
of view of its comparison with the frequencies of
vibration-induced liquefaction of sands is the
fourth mode (13.8 Hz, figure not shown), which is
a partial mode of piles (a partial mode is the mode
of only the corresponding part of the structure, for
example, piles, pile cap or pier body).

Comparison of the frequency of 13.8 Hz with
the liquefaction frequencies of wet sands (30 ... 50
Hz) shows that the support’s own vibrations cannot
cause vibration-induced liquefaction, but for veri-
fication, a dynamic calculation of the harmonic
load of the train impact should also be performed.
Comparison of the frequencies of the train’s har-
monic vibrations (up to 20 Hz) in the presence of a
significant influence of the support mass, which
somewhat dampens the vibrations, can indicate
that liquefaction will not occur. The fifth mode
(14.1 Hz, figure not shown) is somewhat similar to
the fourth mode, but is characterized by significant
movements of the pier body in contrast to it; the
sixth mode (17.4 Hz, figure not shown) is a form
of linear movements. All frequency values are not
liquefaction frequencies for wet sands.

It should be noted that the modal analysis did
take into account the attached soil masses of the
surrounding massif, which reduced the vibration

frequency by 1 ... 2 Hz. Thus, the frequencies and
modes of the pile foundation without the influence
of the attached soil masses are approximately as
follows: 1st mode (fundamental tone) — frequency
3.2 Hz (according to both models); 2nd mode —
frequency 7.2 Hz (according to the second model);
3rd mode — frequency 9.7 Hz (according to the first
model); 4th mode — frequency 12.8 Hz (according
to the second model); 5th mode — frequency 13.1
Hz (according to the first model); 6th mode — fre-
quency 16.4 Hz (according to the second model).

Originality and practical value

The originality of the study lies in obtaining the
values of the stresses of the overpass pier in the
static formulation, as well as the dynamic charac-
teristics (shape and frequency of natural vibrations)
in the dynamic formulation. The practical value
lies in the substantiated assessment of the values of
the pier’s vibration frequencies, which is based on
the results of modal analysis and indicates the ab-
sence of sand liquefaction.

Conclusions

An analysis of the results of the stress-strain
state of the overpass pier foundations was per-
formed, taking into account the train load, which
made it possible to obtain a conclusion about the
high bearing capacity of all parts of the “pile — pile
cap” system for all considered types of load com-
binations with a safety margin of 8 and 7 times,
respectively, which indicates normal operation in
the future provided an unchanged state of engi-
neering and geological conditions and loads.

A modal analysis of the foundations of the
overpass pier models was performed and the fre-
quencies and modes of the foundation were ob-
tained, which are equal to 4.2 Hz (fundamental
tone) ... 17.4 Hz, and from comparing these fre-
quencies with the liquefaction frequencies of wet
sands (30 ... 50 Hz) it is clear that the support's
own vibrations cannot cause vibration liquefaction.
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YUCEJBbHUH TA MOJAJBHUN AHAJII3
MPOMIKHOI OITOPH 3AJII3BHUYHOI'O MOCTY

MeTta. Metoro HayKOBOTI'O JOCITIKEHHS € MPOBEACHHA YUCEJIIBHOIO Ta MOJAJIBHOTO aHaJi3iB HpOMi)KHOI onopu

3aJi3HUYHOTO MOCTY 3 Bapiallielo CrojydeHb HaBaHTa)KEeHb Ta BHM3HAYEHHAM MapamMeTpiB MIlHOCTI Ta TUHAMIYHUX
XapaKTepUCTUK ((OpMH i YaCTOTH BIacCHMX KoiuBaHb). MeToauka. Halibinbin eKOHOMiYHVMU Ta €(EKTUBHAMHU
1uisi OyZiBHMLTBA MOCTIB € MajboBi yHAaMeHTH. Y NaHOMY BUNAAKY ManbOBUH (pyHIAMEHT MPOMDKHOI OMopu
IUITXOTPOBOY CIIOPYIXKYEThCA HAa OypOHAOMBHUX Maisax. i BiATBOpeHHS 0COOIMBOCTEH MabOBOTO (yHIAMEHTY
MPOMiXHOT onopu 3actocoBaHo npoctopoBy CE-monens, ska Haii0inbIn TOUHO BigoOpaxae HOro B3aEMOI0 i3 0TO-
yytounM macuBoM. PesyabTaTn. BukoHaHO aHaii3 pe3ysibTaTiB HanpykeHO-Ae(OpPMOBAHOTO CTaHy (YHAAMEHTIB
MPOMIXHOT OMOPH HIIAXOMPOBOAY i3 YpaxyBaHHIM IMOI3HOTO HaBAHTAXKEHHS, SIKMI HAaZaB 3MOTY OTPUMAaTH BHCHO-

© O. L. Tiutkin, O. I. Dubinchyk, Quan Zhang, Kaiqian Du, 2025

116

Creative Commons Attribution 4.0 International



ISSN 2413-6212 (Online), ISSN 2227-1252 (Print)
MocTH Ta TyHeJli: Teopisi, 0CTiIKeHHs], MPaKTHKa, 2025, No 27

MOCTHU TA TYHEJI: TEOPIA, JOCIIJDKEHHA, ITPAKTUKA

BOK TMPO BHCOKY HeCy4y 3/IaTHICTb YCiX YaCTHH CUCTEMH «Tajli — POCTBEPK» Ha BCi PO3TIISHYTI BUAN CTIONYYEHb i3
3armacoM MilHOCTI B 8 i 7 pasiB BiIMOBIAHO, IO CBIIYNTH MPO HOPMAIBHY €KCIUTyaTalilo B MOJATBIIOMY NPH He-
3MiHHOMY CTaHi iHKEHEpPHO-TeONOriYHUX YMOB i HaBaHTakeHb. Miclle KpiluIeHHS Majib Ta POCTBEPKY OETOH Kiacy
C25/30 NoBHICTIO BUTPUMY€E YCi BUIOM HaBaHTaKeHb, MPEACTABICHUX CMOdyyeHHAMH. [IpoBeneHuii MopanbHUiA
aHaJi3 (yHIaMeHTIB MoJelieil MPOMiXKHOT ONOpH IUIAXONPOBOAY i OTpUMaHi 4acToTh i GopMu QyHIAMEHTY, sKi
JopiBHIOIOTE 4,2 I'1l (ocHOBHMIA TOH)...17,4 ', a i3 MOPIBHAHHA LMX YacTOT 3 YaCTOTAMM PO3PiILKEHHS BOJOTUX
mickiB (30...50 I'y) 3po3ymino, 110 BIacHi KOJMBaHHS OMOPU HE MOKYTh BHKIMKATH BiOpalLliifHOrO po3piIKeHHs.
HaykoBa nHoBu3Ha. HaykoBa HOBH3Ha JOCTIUKEHHS TOJIATAaE B OTPUMaHHI 3HAU€Hb HaIpy>KeHb MPOMIXKHOT OMopH
B CTATHYHIil TIOCTAHOBII], @ TAKOK AMHAMIYHMAX XapaKTepUCTHK ((POPMH i YaCTUTH BIACHUX KOJIMBAHb) B IMHAMIUHII
noctanoBLi. [IpakTHyHa 3HaYNMicTb. [IpakTHYHA 3HAYMMICTD TONATAE B OOTPYHTOBAHIM OWIHLi BEIMYMH YacTOT
KOJIMBaHb MPOMIXKHOT OTTOPH, 10 0a3yeThCsl Ha pe3ysbTaTax MOJAJIbHOTO aHalli3y i CBIAYMTH MPO BiACYTHICTH PO3-
PimKEHHS TiCKiB.

Knouosi cnosa: 3anisHMYHMI MicT; IPOMDKHA OTIOpa; YMCEIbHUI aHalli3; MOJAIBHUN aHati3; Gopmu i yacToTH
BJIACHUX KOJIUBAHb
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