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Abstract: The load on transport and logistics systems is increasing every year. This is due to car park
growth around the world. Thus, increasing bridge structure durability is an urgent task for bridge-
building companies. This study analyses the contact deformation of spherical bearing elements
through an anti-friction polymer layer with different geometrical configurations of recesses for the
lubricant, i.e., annular grooves and spherical holes. The material of the anti-friction layer (a modified
polytetrafluoroethylene (PTFE)) is modelled within the framework of the deformation theory of
plasticity. The procedure of automating the numerical model construction depends on the input
parameters, including the thickness of the layer, the basic geometrical parameters of the recesses for
the lubricant, and the distance between the rows of recesses, etc. The influence of the arrangement
of filling sliding anti-friction layers on recesses for lubricants in the form of spherical holes on the
contact deformation behaviour of bridge bearings has been considered. The reduction of lubricant
volume in the sliding anti-friction layer with the geometry of recesses in the form of spherical holes
ranges from 26 to 48.4%, depending on the filling scheme, has been found. In this case, structures with
lubrication recesses in the form of spherical holes have several advantages, including a more uniform
distribution of contact parameters in the interface areas of the steel plates with the anti-friction layer,
reduction of the maximum level of the plastic deformation intensity, displacements along the normal
relative to the free end of the sliding layer, and the settlement of the bearing.

Keywords: bearing; sliding layer; lubrication recess; modified PTFE; modeling; contact; friction;
stress-strain state

1. Introduction
1.1. Research Objectives

The study’s purpose was the comparison of the spherical bearing of bridge perfor-
mance with the recesses for lubricants of different geometries and the influence analysis of
the filling scheme lubricant recesses of the polymer layer.

Research objectives:

1. The creation of a numerical algorithm for the automated creation of a bearing
parametrized model with recesses for lubrication of different geometries and fill-
ing schemes to solve and process the numerical solution results.

2. An evaluation of the influence of recesses with a lubricant on the structure perfor-
mance.

3. The identification of quantitative and qualitative patterns of frictional contacts of the
bearing steel elements with an anti-friction layer, taking into account the recesses with
a lubricant.

1.2. Problem Context and Description

In the modern mechanics of deformable solids, modelling the behaviour of machines,
technical systems, processes, and phenomena requires the various coupling mechanisms of
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subsystems (the elements) of the object under study [1–3] to be considered. Such elements
most commonly refer to friction or friction mechanical systems [2] that operate within the
framework of contact interaction mechanics, including bearings [4,5], sliding supports [6,7],
gears, or chain gears [8–10]. The foundations of contact interaction mechanics were laid at
the end of the XIX century by Heinrich Hertz and were widely developed in the works of
Russian and foreign scientists (such as Alexandrov V.M., Goryacheva I.G., Johnson K., and
Kendal K.). At present, several directions of contact interaction mechanics development
can be distinguished:

1. The mathematical description and modelling of contact problems given the nature of
machining mating surfaces, multilayered media, indenter geometry, etc. [11–13].

2. The modelling of processes and phenomena using contact interactions [14,15].
3. The modelling of contact interactions in the subsystems of real mechanisms, machines,

equipment, and technological complexes [2,4,6,8,16–18].

The expansion of the theoretical foundations and practical methods for solving the
problems of contact interaction mechanics has led to the development of efficient numerical
methods for modelling contact problems based on the finite element method (FEM) [19,20].
Studies using modern engineering analysis software systems, such as ANSYS, ABAQUS,
Nastran, etc., have become widespread. The development of efficient numerical methods
impacts the timing and quality of problem-solving in many branches of industries and
engineering. In [21], it is noted that it is insufficient to use only building codes in the
analysis of the serviceability of transport system elements, including sliding supports
or bridge span bearings. It can be noted that the FEM has found widespread practical
applications in the study of the response of bearings to external loads [22–24].

Currently, there are a large number of challenges in the development of scientific
and technological progress in the transport industry [25,26]. Due to the rapid growth
of vehicle fleets, the load on transport and logistics systems is increasing [25,27], which
leads to increased requirements for the performance characteristics of bridge structure
elements [27,28]. Many authors considered the serviceability of different elements of
transport systems, intending to increase the maintenance-free operation of critical structural
elements [24,29–35]. In [6,36], the basic directions of research were considered within the
framework of the rationalization of the geometrical configurations of critical elements of
bridge structures (the bridge bearings), which absorb vertical and horizontal loads from
the bridge span, as well as the external influences. One of the topical areas of research is
the analysis of the influence of sliding surface lubrication recesses composed of polymeric
materials. In this study, a numerical simulation of the lubrication recesses in the spherical
sliding surface of the bridge span bearing surfaces is implemented. The influence of the
geometry and location of the recesses on the deformation behaviour of the bridge bearing
structure is evaluated.

2. Materials and Methods
2.1. Model

The object of the study is a spherical bearing, L-100, manufactured by “AlfaTech”
(Perm, Russia). Figure 1 shows a simplified calculation diagram of the bearing; 1 is a steel
plate with a polished spherical segment, 2 is a steel plate with a cut-out for the spherical
sliding layer of the polymeric material, and 3 is an anti-friction polymeric layer. In the
simplified model, no recesses are shown in the lubricant layer applied to the contact surface
SK1 .

Within the simulation, a quarter of the contact assembly designs were considered,
and the discarded parts were replaced with symmetry conditions. On the surface S1, a
load of ~55.5 MPa was applied, which is equivalent to the safe pressure from the bridge
span of a bearing of a given size when bending is forbidden, and vertical displacements
are forbidden on the surface S2. At the interface of the steel elements with an anti-friction
layer SK1 − SK3 , friction contact was implemented with an unknown nature of contact
status distribution (i.e., no contact, sliding, and adhesion). The general mathematical
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formulation of the problem was provided in [37] and was supplemented by considering
large deformations in the volume of the sliding anti-friction layer material.
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Figure 1. Simplified calculation diagram of the L-100 spherical bearing; 1 is a top steel plate with a
spherical segment, 2 is a bottom steel plate with a spherical cut-out, and 3 is a spherical polymer
sliding layer; S1 − S2 are boundary condition surfaces, and SK1 − SK3 are contact surfaces.

In this study, a mathematical simulation of the parameterized three-dimensional
contact junctions in the spherical bridge bearings with different geometries of lubricant
recesses was executed, including annular grooves and spherical holes (Figure 2). The
numerical investigation consisted of three stages:

1. A comparison of the contact deformation of the bearings with different geometric
configurations of lubricant recesses (the annular grooves and spherical holes) using
the same arrangement and number of rows of recesses in the polymer sliding layer
(three rows of recesses).

2. An analysis of the influence of the arrangement of the lubricant recesses on the
deformation behaviour of the structure using the example of a spherical well with a
constant number of three rows of recesses.

3. An analysis of the influence of the arrangement of filling the anti-friction layer with
lubricant recesses (a change in the number of recess rows) on the nature of the
deformation of the bearing as a whole and the parameters of the contact areas in
particular.

The anti-friction layer was composed of gamma-irradiated modified PTFE [6] with
an hp = 4 mm thickness. The standard geometry of the anti-friction layer comprised three
rows of annular grooves with a row spacing of lk = 22 mm. In the first phase of the study,
the recesses in the form of spherical holes had the same number of rows and arrangement
as the annular grooves. Figure 2 shows the arrangement of filling the sliding layer with
lubrication recesses at lk = 22 mm.

The geometric characteristics of the annular groove were as follows: a maximum
depth of hk = 3 mm, upper radii of rk1 ≈ 5.9 and 3.95 mm, and lower radii of rk2 ≈ 4.2 and
2.2 mm for the central and non-central recesses, respectively. The geometric characteristics
of the spherical hole were: hk = 2 mm as the maximum depth and rk = 4 mm as the radius.
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Figure 2. Polymer layer (3) with lubricant recesses (4): (a) annular grooves; (b) spherical holes; 3 is
interlayer; 4 is lubricant recesses; hk is maximum recess height; rk is spherical hole radius; rk1

is upper
radius of annular groove; rk2 is lower radius of annular groove; hp is thickness interlayer.

The lubricant recesses in the sliding layer of the bearing in the form of annular grooves
resulted in a more complex geometrical configuration of the spherical cut-out for the anti-
friction layer in the bottom steel plate. In the case of the lubrication recesses in the form of
spherical holes, the sliding surfaces SK1 − SK2 remained spherical, which greatly simplified
the manufacturing process. In the case of the designs with spherical lubrication recesses,
a reduction in the lubricant volume of approx. 48.4% in the standard arrangement of the
rows Vholes

lubricant < Vgrooves
lubricant was observed.

In the second stage of the study, the influence of the well-row spacing on the stress-
strain state of the structure when the number of rows was constant (the three rows), lk,
ranging from 12 to 28 mm, was investigated. The third stage of the study considered filling
the spherical sliding layer with as many rows of holes as possible, with the restriction that
the last row of holes could not be closer to the end-face of the anti-friction layer than 4 mm.
The last two stages allowed us to evaluate the contact parameters and the deformation
behaviors of the sliding layer with different fillings of the interlayer with recesses for the
lubricant. This allowed for not only increasing the lubricant volume but also to problem
solve the lack of lubrication during the frictional interaction of the elements with the bearing
steel plates. The arrangement of filling the anti-friction layer with lubricant recesses in the
form of spherical holes is shown in Table 1.

Table 1. The arrangement of filling the layer with lubricant recesses (spherical holes).

Maximum Number of
Well Holes

lk, mm

12 16 20 22
(Standard) 24 28

3 + + + + + +
4 – + – – – –
5 + – – – – –
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The maximum filling of the spherical sliding layer with lubricant recesses is observed
at lk = 12 mm and amounts to 5 rows, approximately 26% in this filling arrangement
Vholes

lubricant < Vgrooves
lubricant.

2.2. Scheme of the Computational Experiments

The automation of the process of modeling the lubricant recesses in the form of
spherical holes within an iterative procedure and the automation of the processing of the
research results was implemented (Figure 3).
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Figure 3. Simplified diagram of the computational experiments.

The iterative procedure made it possible to cut out and fill the recesses with lubricant
where the following geometrical parameters were specified as input parameters: layer
thickness, distance between the rows of lubricant, minimum distance between the recesses
in a row, recess depth, recess radius, and type of recess.

Numerical experiments were performed on a Soc-1366 SuperMicro 4U 7046T-H6R
(Super Micro Computer Inc., San Jose, CA, USA) server platform with two six-core Soc-1366
Intel Xeon X5650 processors and 60 GB of RAM. The implementation time per computa-
tional experiment was approximately 2–3 h.

2.3. Materials

In the first approximation, the lubricant was modeled as a low compressive modulus
material with an elastic modulus of 2 GPa and a Poisson’s ratio of 0.49999. The steel-
lubricant friction coefficient was constant and equaled 0.01, which corresponded to the
maximum value of the reference coefficient of friction for solid and paste lubricants [38].

The behaviour of the modified PTFE was described in terms of the deformation theory
of plasticity [37]. The properties of the elastic part of the material deformation curve were
as follows: a free compression modulus of 863.8 MPa, a constrained compression modulus
of 4235.6 MPa, a Poisson’s ratio of 0.461, a steel-polymer coefficient of friction of 0.04 (the
reference value). The physical and mechanical properties of the sliding layer material were
obtained experimentally at IMSS, UB RAS (Russia, Perm) from Dr. Sci. in Physics and
Mathematics, Adamov A.A., in cooperation with “AlfaTech” Ltd.

2.4. Finite Element Model and Contact Elements

A finite element grid was constructed according to previous research on the effect of the
degree of discretization of the system on the numerical solution of the problem [39]. During
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the implementation of the problem, rectangular four-node elements with Lagrangian
approximations (PLANE182, ANSYS Mechanical APDL) were used, and the aspect ratio
was close to 1:1. A contact pair of CONTA173 and TARGE170 elements was used to realize
the frictional interactions of the steel structural elements with the sliding layer. The anti-
friction layer was discretized into 8 elements in thickness, and the element dimension
was 0.5 mm. A grid with a gradient increase of the element from the contact areas to the
surfaces was used to discretize the top and bottom plates S1− S2. The results obtained with
the finite element method were verified by the settlement of the bearing with the annular
grooves for lubrication. The error of the results calculated from the in situ experiments did
not exceed 8%.

Results
It was pointed out in [21] that an important indicator of the serviceability of the bearing

structure is the nature of the distribution and the level of the contact parameters on the
sliding surfaces. Figure 4 shows a comparison of the distribution of contact parameters on
the surface SK1 where the lubricant recesses of different configurations are located, and a
spherical segment could be rotated at lk = 22 mm.
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The pattern of the contact status distribution of the structures with different geometries
of lubricant recesses had several features, including areas of full adhesion of contact surfaces
observed in the central part of the sliding surface SK1 and sliding was observed in steel-
lubricant contact areas with recess geometries in the form of spherical holes and near holes.
In the steel-lubricant contact areas with recess geometries in the form of annular grooves
in one and two grooves from the centre of the bearing part on most of the surface, full
adhesion was observed. The percentage of the adhesion area was ~22 and 33% in the
annular groove and spherical lubricant recess structures, respectively. In the areas of full
adhesion, a hydrostatic compression condition was observed, i.e., the material acted as an
elastic material.

The distribution patterns of PK and τK on the contact surfaces of the anti-friction layer
with the spherical lubricant recesses were more uniform. The maximum level of contact
pressure in the structure with annular lubricant recesses was 0.81% lower than for the
second variant of the bearing geometry. The maxPK was observed in most of the contact
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adhesion area of the bearing part surface with annular grooves; only in the steel-lubricant
interface areas of the structure with recesses in the form of spherical holes. The percentage
of area SK1 with the maxPK was smaller in the bearing with the lubrication recesses in the
form of spherical holes. The mean level of the ∆PK was 10.18 MPa and 2.62 MPa higher
in the bearing with the annular lubrication grooves in the adhesion and sliding areas,
respectively. The maxτK was observed on a larger percentage of the contact area in the
structure with the annular lubrication grooves, while the level of maxτK in the structures
was the same. The minimum level of τK was observed in the area of full adhesion of
the contact surfaces and the steel-lubricant interface areas in all the structural variants
considered.

The maximum intensity of the plastic deformation in the layer was near the end-face
of the sliding layer in all structural variants considered and near the lubricant recesses
in the bearing with annular grooves. A plastic strain rate greater than 1% was found in
approximately 7.51% and 5.19% of the entire sliding layer in the bearings with annular
grooves and spherical lubricant recesses, respectively. The maximum plastic strain rate in
the layer maxεintP , the displacements along the normal face of the sliding layer maxun, and
the settlement uz of the bearings with different configurations are shown in Table 2.

Table 2. The stress-strain state parameters of the structures.

Parameter
Bearing Pars with Different Geometries of Lubricant Recesses

Annular Grooves Spherical Holes

maxεintp

∣∣∣→
x∈V3

, % 23.10 12.66

maxun|→x∈SK3
, mm 0.555 0.386

uz, mm 0.130 0.109

A comparative analysis of the stress-strain state and contact parameters of the layer
shows that a layer with spherical lubricant recesses has several advantages. It was necessary
to conduct an additional study on the influence of the number of rows of recesses and the
distance between them.

In the second step, the influence of the distance between the rows of recesses in the
form of spherical holes at a constant number of rows (three) was assessed. Figure 5 shows
the percentage area of full adhesion of the contact surface SK1 as a function of lk.
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holes. The minimum value Sadhesion was observed when the distance between the rows of
the holes was 16 mm and reached 15.42% and the maximum value at 22 mm was 33.02%.
The higher the percentage of the contact surface area in a state of full adhesion, the more
the sliding layer material works in terms of elasticity theory. In this case, in the area of
full adhesion and near the boundary of the contact state change from adhesion to sliding,
the maximum contact pressure was observed. The maxPK and maxτK of the areas of full
adhesion and sliding of the contact surfaces had minor differences (<0.5%).

Figure 6 shows the dependencies of the average contact pressure and contact tangential
stress level in the areas of adhesion and sliding on the distance between the rows of the
lubricant recesses.
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The influence of the arrangement of rows of the lubricant recesses in the form of
spherical holes on the mean values of the contact parameters was insignificant. The scatter
range was 2.07, and the contact pressure was 2.81 MPa. The contact tangential pressure in
the sliding and adhesion areas of the contact surfaces were 0.25 and 0.9 Mpa, respectively.
The difference of the average values of the contact parameters of the sliding and adhesion
areas of the contact surface SK1 averaged ~17 and 0.61 MPa for ∆PK and ∆τK, respectively.

Figure 7 shows the dependences of the maximum normal displacement relative to
the free face of the contact surface SK3 and the maximum level of plastic strain rate in the
volume of the sliding anti-friction layer material V3.

An increase of maxun in the distance between the rows of holes was observed due
to the influence of the last (third) row of holes on the deformation near the edge of the
anti-friction sliding layer maxun (maxun|lk=28mm > maxun|lk=12mm by 11.56%, which was
0.043 mm). Since the maximum plastic strain rate in the layer was observed near the
contact surface SK3 (the sliding layer edge), it increased the distance between the rows of
holes influencing maxεintP (maxεintP

∣∣
lk=28mm > maxεintP

∣∣
lk=12mm by 1%). The settlement of

bearings uz was independent of the arrangement of the rows of lubricant recesses in the
form of spherical holes and was 0.109 mm.

The next stage of the research was to simulate how the maximum possible number of
rows of lubricant recesses could fill the contact surface SK1 . The results of the study on the
integral characteristics of the contact area are shown in comparison with an arrangement of
filling the sliding layer with three rows of lubricant recesses and a bearing with annular
grooves (Table 3). In the table, filling arrangement one is three rows of recesses, and filling
arrangement two is the complete filling of the sliding layer with the lubricant recesses.
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Table 3. The contact interaction parameters on SK1 .

Parameter

lk, mm

Spherical Holes Annular
GroovesArrangement 1 Arrangement 2

12 16 22
(Standard) 12 16 22

Sadhesion, % 24.59 15.42 33.02 15.69 15.62 22.07
∆PKadhesion , MPa 85.12 86.68 83.87 85.69 86.07 92.41
∆τKadhesion , MPa 2.27 1.54 1.81 1.85 1.49 1.19
∆PKsliding , MPa 68.07 69.49 67.52 69.43 69.50 69.29
∆τKsliding , MPa 2.49 2.49 2.31 2.19 2.29 2.16

The model of the bearing with lubricant recesses in the form of spherical holes (for all
the variants of the anti-friction layer filling arrangements considered) had several features
that differed from the structure with the annular lubricant grooves:

- The average contact pressure in the full adhesion areas of the contact surface was 7.3%
lower on average;

- The average contact tangential stress in the full adhesion areas of the contact surface
was higher by 0.3–1.8 MPa;

- A more uniform distribution of contact parameters across the sliding surface.

In the second arrangement of filling the lubricant recesses on the sliding surface, there
was a significant reduction in the percentage of the contact area in the full adhesion state
due to an increase in the number of lubricant recesses in the central area of the sliding layer.
This effect is particularly noticeable with a row spacing of 12 mm. At lk = 12 mm and full
filling of the sliding layer with lubricant recesses, there is a minimum difference between
the mean values PK and τK in the adhesion and creep areas, with the highest level of PK and
τK being the lowest among all the variants of the bridge bearing configurations considered.
A plastic strain rate of more than 1% was observed in 5.68% of the sliding layer material
volume, and the maxεintP was a maximum of 12.15%. The maximum displacements along
the normal sliding surface SK3 reached 0.398 mm.
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3. Discussion
3.1. Limitation Statement

The influence of a mathematical model of lubricant and anti-friction material has been
investigated as one of the stages in the study of the behaviour of bridge bearings and the
materials from which they are made. The research has several limitations:

- A constant coefficient of friction of 0.04 was taken from the manufacturer’s data on
the bridge bearings;

- A simplified model of the lubricant’s behaviour as a low compressible body without
viscoplasticity;

- The sliding material model is, in the first approximation, elastoplastic;
- A quarter of the structure was modelled so that the horizontal load of the bridge span

could not be introduced into the system;
- The ambient temperature was constant at 23 ◦C.

In the future, the researchers will have some tasks to perform:

- An analysis of the operation of the structure under experimentally obtained friction
coefficients [18];

- A refinement of the mathematical model of lubricant (viscoelasticity) and anti-friction
(viscoelasticity) materials;

- An extension of research to a wide temperature range (−60 ◦C to +60 ◦C);
- The introduction of horizontal and dynamic loads;
- An analysis of the influence of geometrical features of lubricant pits;
- The determination of manufacturing requirements for the bridge bearing, in particular,

to increase the durability of the bridge span as a whole.

3.2. About the Materials

The active development in manufacturing new materials in various productions
is currently taking place. The synthesis effect on the strength and corrosion properties
of thin films was studied in [40,41]. The influence studies of various impurities on the
electrodynamic parameters, which make it possible to increase the structure’s service life,
were carried out in [42–44]. Much attention has been paid to the frictional properties of
nanocomposite films through work conducted by Darwish et al. [45]. Various modern
anti-friction materials are used as bearing sliding layers. The development of modern
materials and the comprehension of their operation in structures will make it possible to
rationalize the work of bridge structures’ critical elements, such as bearings.

PTFE has been the most widely used material for anti-friction layers of bridge bear-
ings [21]. The improvement of the physical and mechanical properties of the material and
its tribology after irradiation has been noted [46,47]. The authors considered the possibility
of using modified PTFE as a relatively thin sliding layer of a spherical bridge span bearing.
The numerical model of the bearing includes service recesses for the lubricant. In this case,
simplified contact geometry is often used in studies of the performance of such structures
without considering several structural elements [6,48]. The model of the spherical bearing
considered in this work is approximated to the real structure and allows for modeling the
nature of its deformation closer to reality. It is of interest to compare the performance of
structures with different anti-friction layer materials [6,18]. Also of interest is the study
of the performance of different lubricants in the structure and consideration of lubricant
viscosity [38,49,50].

3.3. About the Geometric Parameters

The influence of geometric parameters on the deformation behaviors and contact
interactions of bearing elements is a relevant task for bridge-building structures. The
influence analysis of the interlayer thickness without lubricant recesses is presented in [6].
The minimum deformation of the interlayer at an hp = 8 mm thickness was established.
The interlayer geometric arrangement in the spherical bearing of bridge structures plays an
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important role in the contact parameter distribution and the deformation behavior of the
sliding layer [51]. The relevant task is to analyze the geometric parameters of structural
elements, such as bearings. Its solution will increase the durability of bridge structures as a
whole.

An important result of this work is the regularity of influence of the form and position
of the lubricant recesses on the operation of the structure. The analysis of the effects of
different lubricant materials and grades on the serviceability of the structure is planned for
future research.

A further direction of research is to investigate the stress-strain behaviour of bridge-
bearing structures when the sliding layer is filled with lubricant recesses as much as
possible with a row spacing of 12 to 16 mm and a 0.5 mm pitch. The model also considers
the viscosity of the polymer material and lubricant, the experimentally obtained frictional
properties of the steel-polymer material pair, and the analysis of the sliding layer material
influence on the structure deformation at different configurations of lubricant recesses and
arrangements of filling the sliding layer with them.

4. Conclusions

The bearings with lubricant recesses in the form of spherical holes are found to have a
number of advantages:

- A more uniform distribution of contact parameters across the sliding surface;
- Plastic strain rates in the layer maxεintP , displacements along the normal to the sliding

layer face maxun, and settlements of the bearing uz lower than in the structure with
annular grooves for lubrication;

- A simplified manufacturing process for the bottom steel plate due to the lack of
additional cut-outs for the layer with annular grooves.

The study found that the most favourable characteristics of the deformation behaviour
were found in the structure with the maximum number of lubrication rows (5 rows) at a
row spacing of 12 mm.
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Nomenclature

S1, S2 boundary condition surfaces;
SK1 − SK3 contact surfaces;
hp thickness anti-friction layer;
lk row spacing;
hk maximum depth;
rk1

upper radius;
rk2 lower radius;
rk radius spherical hole;
Vholes

lubricant volume of lubrication from the spherical holes;
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Vgrooves
lubricant volume of lubrication from the grooves;

PK contact pressure;
τK contact friction stress;
εintP plastic strain;
un normal displacements to the end-face of the sliding layer;
uz sliding layer compresses;
Sadhesion adhesion area;
∆PKadhesion average contact pressure in the adhesion area;
∆PKsliding average contact pressure in the sliding area;
∆τKadhesion average contact friction stress in the adhesion area;
∆τKsliding average contact friction stress in the sliding area.
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