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Abstract: The study of the rheological properties of a lubricant allows for the assessment of the
structure’s durability in which they are used. Computer engineering enables the prediction of the
structure performance using refined mathematical models of its materials. This paper presents an
experimental investigation of the rheological behavior of a lubricant that is actively used in bridge
structures. The paper proposed a methodology for determining the rheological characteristics of the
lubricant using a rotational viscometer. Additionally, the article performed the task of identifying the
mathematical model of the lubricant behavior based on the Maxwell body, using two approaches:
the Anand model and the Prony series. The proposed models allow for numerical modeling of the
structure’s performance throughout their lifecycle within the scope of computer engineering.

Keywords: lubricant; viscoelastic; Prony series; Anand’s model; viscosity; elastic; osciliration experiment;

experimental data; numerical data

1. Introduction
1.1. Research Objectives

Research objective: conducting full-scale experiments and identifying a mathematical
model of the viscoelastic lubricant behavior over a wide temperature range.
Research and development objectives:

1.  Conducting a series of full-scale experiments to determine the viscoelastic lubricants
properties over a wide range of temperatures;

2. Identifying a mathematical model of the viscoelastic lubricant behavior in the form
of the Maxwell body based on two viscoelasticity models: the Prony series and the
Anand’s model;

3. Creating a unified numerical procedure to determine approaches to the parame-
ters from item two based on the application of the multi-parameter Nelder—-Mead
optimization.

1.2. Problem Context and Description

Various lubricants are widely used in friction nodes [1-6]. Such structures operate
within the framework of solid mechanics and contact mechanics. In operation, lubrica-
tion helps to reduce friction between contact surfaces [7,8], reduce the effect of surface
roughness [9,10], control the temperature [11,12], etc. At the same time, many authors note
the nonlinear lubricant behavior during operation [10,13-15]. Numerical models require a
qualitative description of the material behavior as close to real constructions as possible.
Lubricants are no exception; thus, it is necessary for the detailed study of the application of
a mathematical model to describe the lubricants behavior.

At present, lubricants are divided into four groups: liquid, plastic, solid, and gaseous.
Depending on their aggregate state, lubricants may be used in various areas of human activ-
ity: machine building [16,17], bridge building [18], hydraulic systems [19], etc. Lubricants
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work under different conditions in structures. Lubricant works in a state of constrained
compression [18] and within the framework of thermomechanics and thermal application
in bridge bearing structures. It increases the structure durability and improves the heat
transfer efficiency of the condenser and evaporator [19]. Lubricants are an integral part
of the actual tribology problem [20]. In this case, several works [21-23] point out the
importance of conducting full-scale and numerical experiments to determine the properties
and perform mathematical modeling of their behavior.

Computer engineering enables a numerical analysis of the structure to be conducted,
assessing the possibility of using different materials in the structure, analyzing the influence
of changes in geometry, and so on. Computer engineering allows for the rationalization of
the structure and its elements relatively quickly. It is necessary to use material behavior
models that are close to reality to obtain high-quality modeling results. Many authors em-
phasize the importance of constructing mathematical models of material behavior [24-28].
This allows for an approximation of the model to the actual structure.

One of the actual problems is the study of the dynamic characteristics of the lu-
bricant behavior [21-23,29-31], including the viscoelasticity, viscoplasticity, etc. Many
studies [32,33] describe lubrication by Maxwell-type equations. Maxwell’s body is a vis-
coelastic fluid that can flow (relax) under any load. It is characterized by irreversible
deformations [30]. The Prony series and Anand’s model are the most common models for
describing the Maxwell’s body. The Prony series is widely used to describe the viscoelastic
behavior of various materials [34-36]. This approach is applied to polymeric [37,38] and
metallic materials [39]. The description of viscoelasticity by Anand’s model enables the
evaluation of the material plastic deformation. Initially, Anand’s model was aimed at de-
scribing the behavior of metal melts [40,41]. Later, it was widely used to describe polymers,
pure and alloyed glasses, composites, etc. [42,43]. An incomplete set of model parameters
is often used when describing non-metallic materials. This is due to the peculiarities of
the material behavior being described. At present, there are attempts to describe lubricant
behavior based on the mathematics of Anand’s model [44].

To describe the mathematics associated with the operation of lubricants, it is necessary
to use methods of computer engineering and numerical algorithms. Thus, it is possi-
ble to automate the search for the coefficients of the defining relationships and conduct
verification of the obtained data based on numerical and full-scale experiments. Such ap-
proaches are widespread and have proven their effectiveness in determining the materials
characteristics [45].

The main directions of lubricant research can be distinguished as follows:

1.  Study of tribological, electromechanical, and thermal characteristics of lubricants,
including those with various additives and solutions;

2. Experimental research on a wide range of temperatures to identify dynamic and static
characteristics;

3.  Identification of mathematical models of material behavior and their implementation
in numerical analogues of friction nodes.

Currently, there are various methods for researching the rheological characteristics of
lubricants, including capillary viscometers, penetrometers, rotational viscometers, DWS
technology, etc. The principle of capillary viscometers is based on determining the flow rate
of the fluid under the influence of a pressure difference in the capillary [46,47]. Penetrome-
ters determine the resistance of the lubricant by measuring the penetration of indenters
with different geometrical, physical, and mechanical characteristics into the lubricant [48].
Rotational rheometers are characterized by coaxial cylindrical viscometers, which consist
of two cylinders of the same size, one of which is fixed, and the other rotates around its axis
at different frequencies [47-51]. DWS technology [52] is significantly different from other
methods, requiring a minimal amount of sample. Spectroscopy allows for non-contact
investigation of the sample, which eliminates the possibility of sample destruction. This
type of technology allows for the evaluation of the rheological material properties over a
wider range of temperatures and frequencies compared to analogs. The lubricant examined
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in this study is used in sliding bridge bearings. These structures work within a narrow
temperature range of —60 to 60 °C and at higher shear rates. In the first approximation, it
was decided to investigate the material on the Discovery HR2 rotational viscometer. DWS
technology will be used for further research on the behavior of the lubricant.

The current research is aimed at obtaining an experimental basis for the deformation
behavior of lubricants with refinement of the experimental research methodology. The
second direction of the research is creating effective numerical algorithms to describe pasty
lubricants using well-known models widely used in applied engineering analysis packages:
ANSYS Mechanical APDL (ANSYS Inc., Canonsburg, PA, USA); ABAQUS (ABAQUS Inc.,
Velizy-Villacoublay, France), etc. Lubricants are used in the steel-polymer contact material
pair structure, which can operate in a wide temperature range to ensure the durability.
They include CIATIM-221, CIATIM-221F, TOMFLON SK 170 FH, TOMFLON SBS 240 FM,
etc. CIATIM-221 and CIATIM-221F are produced all over the world. This paper presents
the performance of full-scale experiments to determine the rheological properties of the
lubricant CIATIM-221 (Center-Oil LLC, Polevskoy, Russia) over a wide temperature range.
The identification of a mathematical lubricant model is required for further investigation of
the design performance through numerical experiments.

2. Materials and Methods
2.1. Experimental Research

The lubricant CIATIM-221 was chosen as the research object. It is a frost- and heat-
resistant lubricant, which allows its use in both hot and northern climatic zones.

Experimental studies are conducted at the premises of the PNIPU plastics labora-
tory. Thermophysical, rheological, and thermomechanical characteristics of the materials
and products are tested in the laboratory [53,54]. A Discovery Hybrid Rheometer (TA
Instruments—Waters LLC, New Castle, DE, USA) (Figure 1a) was used for experimental
investigation of the rheological lubricant characteristics. The main characteristics are:

- minimum oscillation torque 2;

- minimum sustained shear torque 10;
- maximum torque 200;

- torque resolution 0.1;

- minimum frequency;

- maximum frequency 100;

- minimum angular frequency 0;

- maximum angular frequency 300;

- displacement resolution 10, etc.

An electrically heated plane is used for the active heating and cooling of the study
samples. This design allows the specimens to be heated to 400 °C and cooled to —70 °C
using liquid nitrogen (Figure 1b). The design allows for a uniform temperature distribution
throughout the sample. As part of the operation, the temperature tolerance limit is +1 °C.

To determine the true stresses and strains during the experiment, it is necessary to
consider the measuring system. As part of the work, a comparison of two variants of
measuring systems was performed: plane—plane and cone—plane. The basic relationships
for determining the stress (1) and strain (2) are as follows:

o=Ks M, (1)

Y:Ky'(P/ (2)

where M—rheometer torque; p—offset angle; K, and K,—stress and strain constants,
respectively, which depend on the geometry of the mating surfaces. According to [55],
dynamic tests are run in the framework of linear viscoelasticity. This allows the specimens to
be examined without destroying the structure. To determine the viscoelastic characteristics
of the material, we will use a technique that consists of 4 stages.
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Figure 1. Experimental study on the Discovery HR2 rheometer. (a) General view of the setup;
(b) application of liquid nitrogen.

In the first stage of the studies, it is necessary to determine the shear value of the
sample [56]. To determine the linear viscoelasticity domain, a strain sweep experiment is
conducted in which the value of the complex shear modulus G*= const is monitored.

The second stage of the study is the selection of the measuring system for dynamic
tests. Two options can be considered with the presented equipment: cone—plane [57] and
plane—plane [58]. The main advantage of the cone—plane measuring system is the uniform
shear rate distribution. However, due to the small gap size (50-100 times smaller than for
the second variant), there are errors in the investigation of temperature dependence.

The third stage of the study involves a series of experiments to determine the depen-
dence of the material properties on temperature [59]. The sample is dynamically deformed
at a small displacement angle, which is determined at stage 1 of the study, with a constant
shear rate and cooling/heating of the sample at a constant rate.

The final stage of the study consists of determining the dependence of the material
stresses on the shear rate [60]. Similar to stage 3, the material is deformed, the temperature
remains constant, and the shear rate changes.

2.2. Identification of a Mathematical Model of Lubricant Behavior

In [32,33], the lubricant is described as a Maxwell body. It is a sequential connection of
an elastic spring (3) and a viscous element (4):

Te = GYer (3)

Ty = anr 4)

where G—shear modulus; n—dynamic viscosity. Thus, the elastic and viscous element
tangential stresses are equal to each other (5), and the shear strain is the sum of the elastic
and viscous parts (6) in the case of a series connection:
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T="T, = Ty, 5)
Y =Yet Yo (6)
Total shear strain as a function of time:

t

y=1/G+1/n /T(q)dq ' @)
0

Further research is based on Equations (3)—(7).

The search for unknown parameters of the presented models is performed using
the multi-parameter Nelder-Mead optimization algorithm with experimental data. The
problem of minimization of the functional is as follows:

F = |(Texp — Tnum (X)) / Texp| X 100% — min, 8)

where x—vector of unknowns. x has a different number of optimization parameters for
different viscoelastic models. The search continues until the functional is less than 5%.

2.2.1. Prony Series

The Prony series in conjunction with the Williams-Landela-Ferry (WLF) model allow
the behavior of a material to be described over a wide temperature range. The stress—strain
relationship has the form:

T(t):/tZ
0

where Gp—shear modulus at f = 0; k—the number of Prony series variables; g—relaxation
time; o;—shear modulus coefficients. The experimental data are given in the form of a
shear modulus distribution as a function of temperature. The temperature-time analogy
WLF (10) is used to identify the model:

k

Geo +Go)_ aiexp(—(t—q)/B;) |dv(q), ©)
i=1

B; = Bi/ Awrr(T), (10)
where Apwpp(T)—the shift function used in the WLF, which is of the form:
Awrp(T) = (C(T - T,)) /(G + (T = Ty)), (11)

where T—current temperature; T,—constant baseline temperature; C;, Co,—empirical
material constants.

Based on Equations (9)—(11), the unknowns vector X = {f;, «;, T;,C;,Cy} is con-
structed, which is retrieved by minimizing the functional (8).

2.2.2. Anand’s Model

Anand’s model allows for the description of not only the viscoelastic but also the
plastic behavior of the materials. It includes the viscous shear rate:

Yo = Ae*U/RT[sinh(ET/S)]l/m, (12)

and the evolutionary equation:

S = {ho(|B|)"B/|B|}Vor (13)
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where B =1—-5/5%,5* = 5; [Yveu/ RT/ A} " ; S—strain resistance; S*—the saturation
value of the hardening function; hp—material curing constant; R—universal constant gas;
U—activation energy; T—absolute temperature; n—sample saturation as a function of shear rate.
Based on Equations (12) and (13), the unknowns vector x = {Sp, A, U/R, &, m, hy, Sy, n, a} is
constructed.

To describe the Maxwell body, transform Equation (4) to the form (12):

Yo = 1/m = Ae" YR [sinh(gx/S)]V™, (14)

by adopting a number of simplifications (m = 1; £ << 1; S = 1), Equation (14) takes
the form:
Vo =1/n = Ate U/ R, (15)

where a number of empirical constants and dynamic viscosity 1 = eU/RT / (AE) are related,
which can be determined from the experimental data. With S = 1, Equation (13) is zeroed.
Ihen, hp = 0, and the vector of the unknowns takes the form

X = {SO, A, U/R, eu/RT/(An), 1, 0,51, n, a}. Transforming x by excluding the known
constants and relationships, the final vector of unknowns takes the form

X = {So, A, U/R,S1, n, 11}.

2.3. Mathematical Model Identification Procedure
The identification procedure is built on the synergy of ANSYS and Python. A pure
shear numerical experiment is simulated in ANSYS Mechanical APDL (Figure 2).

T
_—

.‘—
T

Figure 2. Numerical experiment for pure shear.

The shear value of the sample corresponds to the experimental data of 0.1%. This re-
peats the cyclic shear strain of the sample over a wide temperature range from 80 to —40 °C
a rate of 2 °C per minute. A simplified scheme of the mathematical model identification
procedure is shown in Figure 3.
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Figure 3. Simplified scheme of the mathematical model identification procedure.

The numerical procedure consists of 3 main parts:

- Preliminary step. It consists in the form of experimental data into the procedure, the
choice of a mathematical model, and the setting of initial values of the unknowns

vector x;

- Nelder-Mead multi-parameter optimization operations. An ANSYS file is generated
with a sequence of commands to build the numerical model. The pure shift problem is
solved with the generation of a results file. The function F is calculated and comparing
to the required error. If the condition is not met, a new vector of unknowns is generated.
Then, the optimization procedure is repeated;

- Obtaining a result file. If the error condition is met, the final value of the unknowns

vector x is written down and the procedure is exited.

3. Results
3.1. Results of Full-Scale Experiments

Friction nodes often operate in aggressive environments, under increased loads, in
temperature zones with elevated /reduced temperatures and frequent temperature fluctua-
tions. CIATIM-221 is often used in the sliding bearings of bridges [61-63]. These structures
operate in the temperature range —60 to 60 °C. Research has been performed on the tem-
perature range of —40 to 80 °C. This range includes most of the operating ranges of plain
bearings.

The shear strain limit of the lubricant has to be estimated in the first phase of the study.
This is necessary to determine the linear viscoelasticity interval (Figure 4). According
to [56], the limit of the linear viscoelasticity interval decreases as the temperature increases.
Consequently, the study will be conducted at elevated temperatures close to the maximum
values: 50 °C and 80 °C. The study was performed using two measuring systems: plane—
plane and cone—plane.



Lubricants 2023, 11, 295

8of 19

log, ( G ], Pa

8O0 1+ jomspcgemsgguen oo nomrmmmmmyen oo

4000 1

2000

1000

4000 ===

2000 |-

1g(v).% 1000

0.01 01

60,000 T\~

30,000 1--\---- e S

0
0.0001 0.001 0.01

|
I
I
[
! ! ! 1
1 600 T
! ! ! I
[
|
I
I

1 10 0.01
a b

Figure 4. Linear viscoelasticity limit analysis: (a) 50 °C, (b) 80 °C; measuring systems: black line—
plane—plane, gray line—cone—plane.

The distribution of the complex modulus has a nonlinear characteristic after the shear
strain of the sample reaches more than 0.1%. Consequently, in the next stages of the
viscoelasticity study, the lubricant will be subjected to a shear strain value of 0.1%. In
addition, at the linear viscoelasticity interval, the cone-plane measuring system has values
higher by an average of 3% than the plane—plane measuring system.

Next, tangential stresses are investigated as a function of shear rate. Experiments
are conducted at temperatures of 50 and 80 °C. Within the study, a shear rate of 100 Hz
is the maximum possible value. The minimum value of the shear rate was chosen out of
consideration of the time cost of the experiment. To obtain the value, it is necessary to
perform three to five stress measurements [32,33] at each value of the shear rate (Figure 5).

il St |

300 1

Figure 5. Dependence of the experiment time on the choice of the minimum shear rate.

An increase in the experiment time is observed with a decrease in the minimum value
of the shear rate. In this case, the experiment time is presented without taking into account
the inertial loads. The elimination of the inertia leads to an increase in the experiment time
by an average of 20-30%. It was decided to use a range of shear rates (0.01 Hz to 100 Hz) to
minimize the time of the experiment.

In the second stage of the study, it is necessary to determine the measuring system.
For this purpose, we will conduct experiments on the dependence of tangential stresses on
the shear rate at temperatures of 50 °C and 80 °C (Figure 6).
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a b

Figure 6. Comparison of measuring systems: (a) 50 °C, (b) 80 °C; measuring systems: black line—
plane-plane, gray line—cone—plane.

The value of the tangential stresses when using the cone—plane measuring system
is non-uniform. With the plane-plane system, the dependence t(Ig(y)) is uniform. It
becomes constant at a certain shear rate. The cone—plane measuring system introduces a
significant error at temperatures other than room temperature.

The third stage of the study consists of conducting experiments to determine the
dependence of the material properties on temperature. For this purpose, a sample shear
strain value of 0.1% and an average share rate of 1 Hz are chosen based on stages 1 and 2.
The sample is cooled from 80 °C to —40 °C a rate of 2 °C per minute (Figure 7).

t,Pa
200 p-====m-mmm e

160 -------a--------

120 + % ------1--------

S S S

40 4---mm -

ey il aldti sl Bt Al |
B e e S k. i I |

— T,°C

[l EE e o R R |

—40 -20

N
(@]
~
o
o)
(@]
x©
(@]

Figure 7. Dependence of tangential stress on temperature in a series of experiments: solid line—
experiment 1; dashed line—experiment 2; dots—experiment 3.

The distribution of tangential stresses as a function of temperature is exponential.
A significant increase in tangential stresses occurs at temperatures less than 0 °C. The
difference does not exceed 5% in the experimental data.

In addition, temperature dependence was obtained for the following lubricant char-
acteristics: complex shear modulus, accumulation modulus, and loss modulus. These
characteristics serve us to assess its aggregate state (Figure 8).
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Figure 8. Dependence of physical and mechanical characteristics of a lubricant on temperature: solid
line—complex shear modulus; dashed line—accumulation modulus; dashed line—loss modulus.

The distributions of the complex modulus, accumulation modulus, and loss modulus
have similar characteristics. The distribution is exponential with a decreasing sample
temperature. Over the entire temperature interval, the accumulation modulus is higher
than the loss modulus. According to [55,56], this behavior indicates a constant aggregate
state of the material as an elastic or gel-like body:.

As part of the lubricant research methodology, the last step is to analyze the behavior
of the sample when the shear rate changes. The experiment is conducted at a number of
temperatures: —40 °C, —20 °C, 0 °C, 20 °C, 50 °C, and 80 °C (Figure 9).

log, (r),Pa
256 q------------e

0.01 0.1 1 10 100

Figure 9. Tangential stress distribution as a function of shear rate.
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The behavior of tangential stresses as a function of shear rate for non-negative temper-
atures minimally differs. The values increase by gradually reaching a constant value when
a certain shear rate is obtained. The boundary of constant tangential stress increases as the
temperature decreases. In the case of negative temperatures, there is no such interval.

3.2. Identification of a Mathematical Model of the Lubricant as a Function of Temperature

A pure shear numerical experiment is simulated as part of the identification of the
mathematical model of the lubricant. The numerical experiment corresponds to the labora-
tory experiment: shear strain value at 0.1% with a shear rate of 1 Hz and a temperature
rate of 2 °C per minute.

The experimental data were approximated over the range of —40 to 80 °C, with a rate
of 2 °C, to compare the values of tangential stress. Tangential stress values corresponding
to the experimental data will be collected every 60 s (Figure 10), in the process of solving
the dynamic problem in a numerical experiment.

1, Pa
160 -

120 7

80 1

40 1

Figure 10. Tangential stress distribution as a function of temperature: red line—approximation of
experimental data; solid black line—Anand’s model; dashed black line—Prony series.

The experimental dependence t(T) is obtained on the basis of statistical data process-
ing. An approximation of the function of voltage dependence on temperature was carried
out. Further studies are based on this curve. The scatter of experimental results does not
exceed 5%. The identification procedure with the use of two mathematical approaches
allows us to obtain t(T) at a sufficiently good level.

The relaxation times {3; of the Prony series include 21 coefficients in the range of 1
to 1010, The initial distribution of the weight coefficients, o;, was set as constant, equal to
0.01. In the course of the algorithm’s work, the value of the weight coefficients changed
significantly (Figure 11).

0710
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Figure 11. Final distribution of the Prony model coefficients for CIATIM-221.

It can be seen that the weight coefficient at a relaxation time of 10 s has a signif-
icant effect. In addition, the values of the coefficients of Equation (11) have the form:
T, =12.1513 K, C; = 4.1469, C, = 20.5555.

The numerical procedure for identifying Anand’s model converges much faster. This
is due to a smaller set of material constants. Table 1 shows the initial and final values of the
coefficients of Anand’s model.

Table 1. Value of Anand’s model coefficients for CIATIM-221.

Values So, MPa A, 1/s U/R, K S1, MPa n a
Initial 1 1010 1000 1 1 1
Final 15.6218 3.518 x 10° 985.0634 7.023 x 1077 4.498 x 10~4 2.8112

The initial shear strain resistance value, Sy, is related to the significant viscosity of the
lubricant. The shear strain resistance saturation coefficient, S;, decreases with exposure
time. The decrease, 11, can be attributed to the shear yield characteristic of the lubricant.

3.3. Dependence of Rheological Properties of the Lubricant on the Shear Rate

A characteristic feature of pasty lubricants is the predominance of the viscous compo-
nent at low shear rates and the elastic component at higher shear rates. It is necessary to
investigate the lubricant’s dependence on the shear rate. Figure 12 shows the dependence
t(Ig(y)) at different temperatures.

The nature of the tangential stress distribution as a function of shear rate at different
temperatures has minor differences; there is a coincidence in the values at shear rates
greater than 10 Hz but a significant error at lower shear rates. The Prony series description
of grease has a higher error than Anand’s model. This is related to the fact that Anand’s
model accumulates plastic deformation. An extension of the mathematical description of
the defining relationships is required in other viscoelastic models for pasty greases.



Lubricants 2023, 11, 295 13 of 19

240

"
[

180

S

6‘}' 15 . e e e ek
4
0! | | (¥ 0 5 5 : 1g(¥)Hz
0.01 . 0.01 0.1 1 10 100

- = = -

[EYRTPL R S ——. g
'

S
0J
0.01
C d
1,FPa

10, -

. : Hg(v)Hz g : : |
0.01 0.1 1 10 100 0.01 0.1 1 10 100

e f

Figure 12. Tangential stress distribution as a function of shear rate over a wide range of temperatures:
(a) —40°C, (b) —20 °C, () 0 °C, (d) 20 °C, (e) 50 °C, and (f) 80 °C; red markers—experimental data;
solid black line—Anand’s model; dashed black line—Prony series.

4. Discussion
4.1. Limitation Statement

The presented study has several limitations:

- The full-scale experiment is conducted in a small range of shear rates, from 0.01 to 100 Hz,
which does not give a complete picture of the viscous and elastic components at small
and large share rates, respectively;

- The behavior of the lubricant was investigated using the Discovery HR2 rotational
viscometer with a limited range of temperatures and share rates;
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- The lubricant is capable of operating in the temperature range of —60 to +150 °C, but
the equipment allows evaluation of behavior at temperatures of —40 to +80 °C;

- Lubricant is treated as a Maxwell body, in fact, the object of study has a more complex
pattern of behavior;

- Lubricant is considered within the problem of deformable solid mechanics; the prob-
lem of fluid and gas mechanics is not set.

In the future, many tasks will be set before the researchers:

- Consideration of other linear viscoelastic models (Kelvin model, Voigt model, etc.);

- Using a temperature—time superposition to be able to describe and analyze decreased
and increased shear rates and temperatures;

- Numerical simulation of the structure as a whole with the use of a lubricant, using the
example of a spherical sliding bearing of a bridge span;

- The lubricant will be examining using the DWS technology.

4.2. Prediction of Structure Behavior Based on Computer Engineering

Computer engineering allows for predicting the behavior of a structure. To do this,
refined mathematical models of the behavior of lubricants should be used [64-66]. Chong
et al. conducted research to determine the mathematical model of lubricant behavior, which
allows for the accurate prediction of the frictional characteristics of lubrication systems.
Mukutadze et al. also conducted research on the mathematical model of liquid lubricant
behavior, which allows for predicting the influence of the non-stationary profile on the
shear rates, pressure, and friction force of the lubricant. In addition, the authors [66]
actively describe the mathematical model of the rheological behavior of lubrication at
higher frequencies. Two modes were identified: at high temperature and low pressure,
the response is adapted to the Kappo model, and as the viscosity increases, the response
changes and is consistent with the theory of Airy. This, in turn, allows for predicting the
overall behavior of the structure at higher frequencies of its operation.

This work considers the lubricant CIATIM-221, which is widely used in bridge struc-
tures. Identifying the mathematical model allows for predicting the behavior of the struc-
ture over a wide range of temperatures. The model can be used under higher frequency
loads on the structure. To describe the low-frequency effect on the structure, more complex
models, as described above, should be used.

4.3. On the Choice of a Mathematical Model

Many researchers consider a lubricant as a more complex viscoelastic or viscoelastic-
plastic body [67,68]. Ivins et al. describe the rheological behavior of a lubricant with the
Burger model, which, unlike the Maxwell model, includes two springs and two viscous
elements. The description of the rheological behavior of a lubricant by a more complex
models leads to refinement of the results on the dependence on shear rates. Kvarda
et al. [69] propose to describe the lubricant, at higher shear rates, by Newton’s law of
viscosity, which is related to the output of a constant stress value, as presented in the
experiments in Section 3.1.

Larson [44] offers several mathematical models to describe a complete model of the
rheological behavior of a lubricant: the model of Mujumdar et al. [70], the de Souza Mendes
and Thompson model [71], the Radhakrishnan model [72], etc.

The considered mathematical models and relationships for describing the lubricant
viscoelastic behavior are presented in Table 2.

The description of pasty greases, such as CIATIM-221, based only on the Maxwell
equations for a wide range of temperatures and shear rates is impossible. Selection of
a mathematical model is required, which will allow a better description of the complex
behavior of greases at a wide range of temperatures and shear rates.
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Table 2. Mathematical models for describing the lubricant viscoelastic behavior.
Matehematical Model Scheme of the Model Equation
Kelvin-Voigt model o(t) = Ee(t) +1 d;gf)
b o (B4 B0+ B = i A0
Y preseniatony oo (B4 B+ )0+ BB —mi + b

4.4. Scope of Application Results

CIATIM-221 is widely used in bridge bearings. The lubricant must operate over a
wide temperature range and retain its structure. Increasing the durability of structural
elements is one of the urgent tasks of bridge building [73]. A large amount of research
is related to numerical modeling and computer engineering (Section 4.2.). However, the
dynamic characteristics of materials must be taken into account to analyze the behavior of
the structure over time (Section 4.3.). Using the approaches described above will enable:

- Numerical experiments to be conducted on the operation of structural elements during
the life cycle;

- Extension of the presented study to determine the rheological properties of polymeric
materials [74];

- Consideration of the possibility of using a set of materials in structural elements at the
decision-making stage [75,76];

- The reduction of material and time costs for field research, etc.

5. Conclusions

The main goal of the research is to conduct natural experiments and identify a mathe-
matical model of the lubricant. The object of the study is the lubricant CIATIM-221, which
is widely used in bridge structures with a working temperature range of —60 °C to +60 °C.

For the experimental study, the rotational viscometer Discovery HR2 was chosen. The
experimental investigations were carried out in the temperature range of —40 to +80 °C. In
the course of the work, a methodology for determining rheological characteristics based on
oscillatory research was proposed. During the experiment, it was found that the lubricant
is in a gel-like or elastic state over the entire temperature range.

The second stage of the research is aimed at identifying a mathematical model of the
behavior of the lubricant. In the course of the work, it was assumed that the lubricant
behaves like a Maxwell body. Two mathematical models of viscoelastic behavior were
chosen: the Anand model and the Prony series. It was found that the mathematical model
describes the behavior of the material well depending on the temperature. However,
depending on the frequency of the sample’s action, there are differences:

- Athigher frequencies, the error is minimal;
- At low frequencies, there is a significant error.
Therefore, the lubricant does not behave like a Maxwell body at low frequencies. The

presented model can only be applied at higher frequencies. For low frequencies, more
complex models of viscoelastic behavior of the material are required.
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Nomenclature
0] angular displacement of the rheometer;
G* complex shear modulus;
Y shear strain;
Te tangential stress of an elastic element;
Ye shear strain of an elastic element;
Ty tangential stress of a viscous element;
n viscosity;
Yo the rate of viscous shear strain;
f functional;
Texp experimental tangential stress;
Tnum numerical tangential stress;
X vector of unknowns;
Geo long shear modulus;
Go initial shear modulus;
; weight coefficients;
B! reduced time;
k number of relaxation times;
Awrp(T)  temperature-time analogy shift function;
T absolute temperature;
Cy, G empirical material constants;
T base temperature;
A pre-exponential multiplier;
u activation energy;
R universal gas constant;
3 stress multiplier;
S shear strain resistance;
ho material hardening constant;
S* saturation value of the hardening function;
n sample saturation as a function of shear rate.
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