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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  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 

 pile cap 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 

 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 

Introduction 

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 

transition into the pier.  
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 
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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; 

& . 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. 

 

 

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 

 mm from  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) (

, & al., 2000). 

a) b) 

 

Fig. 2. FE-model and calculation scheme of the pile foundation: 
a) general view; b) fragment of the model  system support  pile cap   
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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 -2:2006, 2006; -
10-2009, 2009), therefore, the elastic formulation 

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. 

a) b) c) 

   

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 
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stresses, since the maximum stresses (vertical) are 
1.41  1.54 MPa, which, compared with the cal-
culated compressive strength Rb (Rb

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 

 10.5 times); for 
combination 3, the values of maximum stresses 
(ver  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-

(safety margin  14 times, with the calculated 
compressive strength Rb  con-
crete pile cap of C25/30 class); for 2nd combina-
tion, the values of maximum stresses (vertical) are 

 11.3 times); for 
3rd combination, the values of maximum stresses 
(verti  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 cap
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 Rb=
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 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. 

 
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 

cause vibration-induced liquefaction, but for veri-
fication, a dynamic calculation of the harmonic 
load of the train impact should also be performed. 

r-
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 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 

 pile 
cap 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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