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Summary. Analysis of load-bearing structures of vehicles is carried out. The peculiarities
of the operation of vehicles and their bearing systems are considered. It is noted that the loads acting
on the structure are time-varying; their amplitude and frequency characteristics depend on the real load,
the speed of the vehicle, the condition of the road surface and other factors. This can cause a high level of
stress in the areas of structural and technological concentrators and result in the occurrence of fatigue
cracks and frames destruction in these areas. The researching methods of operational loads and the stress-
strain state of frame structures under static and dynamic loads are analyzed. It is noted that the finite element
method is the most universal for the implementation of static, modal, harmonic and other types of analyzes
of frame structures.

The finite element method is used to investigate the stress-strain state of bearing structure of the
2PTS-2 trailer under different static load options. The full-scale CAD model of the trailer and its finite-
element model are developed using specialized software SolidWorks. Calculations of the stress-strain state
of the trailer frame are carried out for typical types of loads: straight-line movement, turning and lifting of
the vehicles body with load. The analysis of the safety factors by stresses is carried out in order to take into
account the uncertainties of the frame structure model and the uncertainties of the operational load. It is
established that when considering the investigated options for loading of the frame structure, the most
dangerous are those related to the unloading of the cargo, which requires further research into the specified
processes.

Key words: trailer, frame, finite element method, stress-strain state, stress, deformation,
displacement, safety factor.
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Statement of the problem. The bearing system of the vehicle is one of the most
responsible, metal-intensive and expensive systems. Such important elements as the body,
engine, suspension and transmission elements are fastened to the bearing system, creating
complete structure of the vehicle [1].

The bearing system design depends, first of all, on the machine purpose. At present, the
frame bearing system is used mainly in the production of comfortable high-class passenger cars,
off-road vehicles, trucks, trailers, and tractors. Frame structures are divided into ladder frame,
backbone frame and combined ones.

The most popular are ladder frames. They consist of two or more longitudinal
members, several cross members and local reinforcements. Backbone frames with
central load-carrying tube or box section have central beam with transversely
located brackets for units fastening. Combined frames join elements of both ladder
and backbone frames, that is, they have central beam, short ladder frames and crossbars.
It should be noted that in ordinary passenger cars, the frame structure is replaced
by self-bearing body.
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Analysis of the stress-strain state of the vehicle frame by finite element method

Analysis of advantages and disadvantages of the vehicle load-bearing structures is
presented in papers [1, 2]. It should be noted that ladder-type frames are characterized by
high strength and have multi-purpose nature of application. Backbone-type frames have
greater torsion stiffness in comparison with the ladder frames and are used in special cases,
for example, in massive power beet harvesters [3].

The peculiarity of the operation of vehicles and their bearing systems is
that the forces acting on the structure are time-varying, and their amplitude and
frequency characteristics depend on the operational load, speed of movement, road
condition and other factors [1, 3]. All these factors can contribute to the occurrence of
significant stresses in the areas of structural and technological concentrators. This can result
in the initiation of fatigue cracks in the indicated areas. Crack propagation can cause the
destruction of frames [4, 5].

Analysis of available investigation and publication. Static and (or) dynamic
analysis methods [6, 7] are used to estimate the operational durability and reliability of
frames, depending on the nature of machine load. With significant cyclic loads, dynamic
methods of structural analysis are used. In the case of quasi-static operational loading of
mobile machines, which does not cause significant inertial and damping effects, static
analysis of the stress-strain state of the frames is used. At the same time, the safety factors,
maximum stresses, strain and displacements in the structures of the machine load-bearing
systems are determined. The limiting values of safety factors in various publications [8, 9]
differ significantly.

Objective of the paper. The objective of the given investigation is the implementation
of the algorithm for estimating the stress-strain state of the trailer frame structure using the
finite element method under static loading for its main operational maneuvers and determining
the safety factors by stresses.

Methods of the investigation. A large number of methods with different complexity
and accuracy of the obtained results, which take into account the specific features
of the structures, have been developed for the calculation of the load-bearing systems
of mobile machines. They are characterized by irregular spatial structure, application
of different types of elements, complex and ambiguous nature of the load. The basic
principles of calculation and design for bearing systems of mobile machines are highlighted
in paper [1].

Analytical methods of the theory of elasticity, particularly, methods based on the theory
of thin-walled rods developed by V. Z. Vlasov are used to estimate the SSS of frame structures.
This theory determines the general law of stress distribution in the cross-section of thin-walled
rod under the action of torsion. Based on this theory, methods of calculating the frames made
of thin-walled rods with the cross section of open (D. V. Bychkov) and closed (A. A. Umanskiy)
contour are developed.

The methods of calculating frames with deformable and non-deformable contours
are the most commonly used ones. But the high degree of static indeterminacy of calculation
schemes significantly complicates the process of calculating frame structures.
While developing the theoretical basis for eliminating «extra» ties of the main load-bearing
structural structures, especially mobile agricultural machines, the method based
on the principle of the minimum potential energy of deformation turned out to be quite
effective [10].

In modern engineering practice, due to the development of computer technology and the
development of universal application programs based mainly on the finite element method
(FEM), calculations for determining the SSS of complex structural structures are significantly
accelerated. The advantages of FEM compared to traditional numerical methods are the
simplicity of algorithmization, the possibility of complete automation of setting up the
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equations and obtaining solutions for any complex combined systems. This makes the method
of finite elements the most universal method which, to a large extent, meets the requirements
of the frames calculation [5, 8].

FEM implements the idea of object research based on the consideration of its individual
parts — finite elements (FE). Thus, solid medium with infinite number of degrees of freedom is
approximated by a certain set of simple elements having finite number of degrees of freedom
and are interconnected at nodal points.

Therefore, continuous systems are divided into separate elements, the operation of
which is approximately or precisely investigated, and then the stress-strain states of these
elements are combined with each other in such a way as to ensure the conditions of
deformations compatibility and equilibrium conditions. FEM makes it possible to represent
the solution as a set of continuous functions for each FE.

The algorithm for solving the corresponding system of equations relative to the
function value at the nodes is easily found by replacing the above mentioned system of
differential equations with the corresponding variational differentials [11]. In particular, for
problems of elastic deformation of bodies under the action of various forces, Lagrange
functional is used:

,(U)=$ %gT-a—JT-F dv —SU P-ds. )

It should be noted that 77, value is the potential energy of the body, the first summand
determines the energy of deformation, and the others — the work of external forces on
movements. Further, integral (1) is represented as the sum of integrals over the volumes of

FE sets. After substitution of approximations of deformations ¢, stresses o, and forces P and

F , functional (1) is transformed into the function of nodal displacements:

1= 0 K- Q) @

where K and {Q} are, respectively, the stiffness matrix and FE load vector in the local
coordinate system.

The above mentioned algorithm is the mathematical basis of a number of software for
structural strength analysis, such as SolidWorks, ANSYS, NASTRAN, «Lira» and others.

FEM is used for implementing static, dynamic (modal, harmonic) and other types of
analysis. In the given paper, static analysis is implemented for the investigation of the stress-
strain state of bearing structure of 2PTS-2 trailer under 20 kN static load, which corresponds
to the nominal value of the load capacity for this trailer model (2 tons).

The development of full-size CAD model of 2PTS-2 trailer and the investigation of
the stress-strain state of its frame are carried out using SolidWorks [12] software complex
for solid modeling and engineering analysis in the following sequence (Fig. 1).

Calculate

| ) Stress — strain i
CAD modeling => Meshing => - => magnitude of

safety factor

Figure 1. The sequence of modeling and analysis execution
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Analysis of the stress-strain state of the vehicle frame by finite element method

In order to simplify the process of investigation the stress-strain state of the trailer
frame, only the model of bearing structure without the body and wheels, replaced by
conditional elements, which, in turn, are subjected to fastening conditions and external load,
Is considered.

A mesh of finite elements with 20 mm global element size and 1 mm tolerance is created
for the frame model (Fig. 2).

Figure 2. Mesh of finite elements of 2PTS-2 trailer frame

SSS calculations of the trailer frame are carried out for the following load
options (Fig. 3):

I — the external load from the weight of the material in the body is evenly distributed
along four supports of the body; traction force is applied along the axis of the trailer frame
(straight-line movement);

IT — the external load from the weight of the material in the body is evenly distributed
along four supports of the body, the traction force is applied at an angle to the axis of the trailer
frame (non-linear movement — turning);

IIT — the external load from the weight of the material in the body is applied to the
hydraulic body lifting cylinder;

IV — the external load from the weight of the material in the body is applied partly to
the two supports of the body and partly to the hydraulic body lifting cylinder.

For the first and second calculation options, 20 kN external load is evenly
distributed along four supports of the body. 14 kN traction force is applied to the
drawbar (Fig. 3, a, b). In these cases, the trailer movement is simulated. For the third
version of the calculation, 20 kN external load is concentrated on the rod of hydraulic
cylinder, which simulates the initial moment of the cargo unloading process (Fig. 3, c).
For the fourth version of the calculation, 13 kN external load is equally distributed between
two left supports of the body and is partially concentrated on the rod of the hydraulic body
lifting cylinder (7 kN), which simulates the intermediate moment of the cargo unloading
process (Fig. 3, d).

For all calculation options, fastening conditions — the fixed hinge are imposed on
the axles at the wheels places. Structural carbon steel of ordinary quality St3sp with
the following mechanical characteristics: yield strength oy, = 220 MPa; ultimate strength
ou = 370 MPa; relative residual elongation 6 = 26 % is used for the frame structure.
Structural spring steel SOXFA with the following mechanical characteristic: oy = 1080 MPa;
ou = 1270 MPa; 6 = 8 % is used for the spring suspension systems.
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Figure 3. Calculation models of the 2PTS-2 trailer frame according to different load options




Analysis of the stress-strain state of the vehicle frame by finite element method

Investigation results and their analysis. The results of the investigation of the
stress-strain state of 2PTS-2 trailer frame according to the first calculation option are
presented in Fig. 4. Maximum stresses of 72.52 MPa are observed in the spring suspension
systems (Fig. 4, a). In the main frame of the trailer, the maximum stresses are 70.97 MPa at the
point of the second cross member fastening. The maximum movements of 1.27 mm are
observed in the front part of the main frame above the rotary carriage ring (Fig. 4, b). The safety
factor of the frame structure is 3.11 (Fig. 4, c), in the spring suspension systems — 14.89.

The results of the investigation of the stress-strain state of 2PTS-2 trailer frame
according to the second calculation option are presented in Fig. 5. Maximum stresses of
85.12 MPa are observed in the spring suspension systems (Fig. 5, a). In the main frame, the
maximum stresses are 77.58 MPa in the area of the second crossbar fastening. The
maximum movements of 2.0 mm are observed in the front part of the drawbar (Fig. 5, b).
The minimum safety factor of the frame structure is 2.84 (Fig. 5, ¢), the minimum safety
factor of the spring suspension systems is 12.69

The results of the investigation of the stress-strain state of 2PTS-2 trailer frame
according to the third calculation option are presented in Fig. 6. The maximum stresses of
115.90 MPa are observed in the crossbar of the upper belt of the trailer main frame at the point
of the swivel ring fastening(Fig. 6, a). The maximum movements of 2.35 mm are observed in
the transverse beam of the lower belt of the main frame (Fig. 6, b). The minimum safety factor
of the frame structure is 1.9 (Fig. 6, c), the minimum safety factor of the spring suspension
systems is 11.91.

The results of the investigation of the stress-strain state of 2PTS-2 trailer frame
according to the fourth calculation option are presented in Fig. 7. Maximum stresses of
116.18 MPa are observed in the spring suspension systems (Fig. 7, a). In the main frame,
the maximum stresses are 104.43 MPa in the front left body mounting bracket. Maximum
movements of 2.12 mm are observed in the same bracket (Fig. 7, b). The minimum safety
factor of the frame structure is equal to 2.11 (Fig. 7, c), the minimum safety factor of the
spring suspension systems is 9.30.

The results of the investigation for all calculation options are summarized in
Table 1.

Table 1

Modeling results of the stress-strain state of the load-bearing structure of 2PTS-2 trailer and the evaluation of
safety factors according to stresses

Option I Option 11 Option 111 Option IV
spring spring spring spring
frame | suspensio |frame | suspension | frame | suspension | frame | suspension
n systems systems systems systems
Maximum
movements, | 1.27 — 2.0 — 2.35 — 2.12 —
mm
Maximum

stresses, |70.97| 70.52 |77.58 85.12 |115.90| 90.69 104.43 | 116.18
MPa

Minimum
safety 3.11 14.89 2.84 12.69 1.90 11.91 2.11 9.30
factors
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Figure 4. Modeling results of the stress-strain state of 2PTS-2 trailer frame according to option I:
a — stress state, b — strain state, ¢ — safety factor
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Figure 5. Modeling results of the stress-strain state of 2PTS-2 trailer frame according to option II:
a — stress state, b — strain state, ¢ — safety factor
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Figure 6. Modeling results of the stress-strain state of 2PTS-2 trailer frame according to option I1I:

a — stress state, b — strain state, ¢ — safety factor
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Analysis of the stress-strain state of the vehicle frame by finite element method
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Figure 7. Modeling results of the stress-strain state of 2PTS-2 trailer frame according to option IV:
a — stress state, b — strain state, ¢ — safety factor
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Analysis of the obtained data shows that the stress values in the frame structure and
trailer spring suspension systems differ insignificantly. However, the safety factors for
stresses in the spring suspension systems are significantly smaller. This is explained by
significantly higher values of the yield strength of spring steel S0XFA in comparison with
steel St3sp, which is used in the manufacturing of load-bearing frame structure.

It should be noted that while considering the four investigated options for the frame
structure loading, the options associated with unloading the cargo from the trailer where torque
occur are the most dangerous. In this case, the smallest values of the minimum safety factors
for stresses are 1.90 (for option I11) and 2.11 (for option 1V).

Conclusions. The finite-element analysis algorithm of the stress-strain state of 2PTS-
2 trailer frame is implemented. The maximum stress values in the elements of the trailer
load-bearing structure are obtained for various options of static load.

Analysis of the safety factor by stresses is carried out in order to take into account
the uncertainty of the frame structure model and the uncertainties of the operational load.
The obtained minimum safety factors by stresses 1.9 and 2.11 under trailer unloading
conditions require a high level of reliability of the data regarding trailer unloading operating
modes.
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AHAJII3 HAITPYKEHO-AE®OPMIBHOI'O CTAHY PAMHU
TPAHCIIOPTHOI'O 3ACOBY METOAOM CKIHYEHHUX
EJEMEHTIB

Mukoaa Cramkis®; Isan Iligrypeskuiil; Omxer Higmyxuuiil;
Muxoua Iiarypeskuiil; Muxaiiao Jleskosuu!;
Pycaan Ckaspos!; Auapiii Mymak?

YTepuoninvcoxuii nayionansnuti mexuiunuii ynisepcumem imeni leana Iynios,
Tepnoninw, Yxpaina
23axionoykpaincoKutl HayionanbHull yHigepcumen,
Tepuoninw, Ykpaina

Pestome. Ilposedero ananiz necyuux KOHCMpPYKYil mpaHcnopmHux 3acobis. Posznisanymo ocobnusocmi
excniyamayii mpaHcnopmuux 3acobie ma ix Hecyyux cucmem. 3a3HAYEHO, WO HABAHMANCEHHSA, AKI Oilomb HA
KOHCMPYKYI, € 3MIHHUMU 6 4acl, IX aMuiimyowi ma YacmoOmHI XAPAKMePUCMUKU 3a1edcams  6i0
EeKCNIIYamayitiH020 HABAHMANCEHH, WBUOKOCMI PYXY MPAHCIOPMHO20 3aC00Yy, CIMAHY 00POICHLO20 NOKPUMNISL
ma iHwux axmopis. Lle modwce cnpuuuHUMU BUCOKUL PIGeHb HANPYIICEHb V 30HAX KOHCMPYKYIUHUX md
MEeXHONI02IUHUX KOHYEHmpAmopie ma npu3eecmu 00 GUHUKHEHHS Y 3A3HAYEHUX 00NACMAX GMOMHUX MPIWUH i
DpyiHyeanus enemenmie pam. I[Ipoananizoeano memoou 00CHiOJHCeHb eKCNIyamayiiHuX HAB8AHMANCEHb ma
HANPYIACEHO-0eDOPMIBHO20 CMAHY PAMHUX KOHCMPYKYILL NpU CIAMUYHUX MA OUHAMIYHUX HABAHMAICEHHSX.
3asnaueno, wo onn peanizayii cmamuyHo2o, MOOAILHO20, SAPMOHIYHO20 MA THUL020 6UOY AHATIZIE PAMHUX
CMpPYKmMyp HAtOLIbW YHIBEPCATLHUM € MEMOO CKIHYEeHUX eleMEeHMIs.

100 ... ISSN 2522-4433. Scientific Journal of the TNTU, No 4 (108), 2022https://doi.org/10.33108/visnyk_tntu2022.04


https://doi.org/10.33108/visnyk_tntu2022.0
https://doi.org/10.1016/j.engfailanal.2021.105487
https://doi.org/10.1063/1.5066526
https://doi.org/10.1016/j.engfailanal.2014.11.013
https://doi.org/10.1515/cls-2021-0016
https://doi.org/10.1051/e3sconf/202126402008
https://doi.org/10.1002/9781119516743

Mykola Stashkiv, Ivan Pidgurskyi, Oleh Pidluzhnyi,
Mykola Pidgurskyi, Mykhaylo Levkovych, Ruslan Skliarov, Andriy Mushak

Memodom ckinuenux enemenmie npo6eoeHo O0O0CNIONCEHHA HANPYHCEHO-0ePOPMIeHO20 CMAHY
Hecyuoi koncmpykyii npuuwena 2[1TC-2 3a pisuux eapianmis cmamuuHo2o HaganmadiceHHs. Pospobreno
nosnoposmipny CAD-modenv npuuena ma 11020 CKiHYEHO-eleMEeHmHy MoOelb 3d  00NOMO2010
cneyianizoganozo npozpamnozo xomniaekcy SolidWorks. Po3spaxyuku HanpysceHo-0eg)opmisHO20 cmawy
pamu npuyena npoeedeHo 0Jisl XapakmepHux 6Uoi6 HABAHMANCEHb. NPAMONIHIUHO20 PYXY, HENPAMONIHIUHO20
pyxy (nosopomy) ma nioiimanHsa Ky308a 3 eanmascem. Ilposedeno ananiz koeiyichmis 3anacy miyHocmi 3a
HANPYJ*CeHHAMU O  6pAXY6AHHA HesusHauenocmel MoOeni pamHoi KOHCMPYKYii ma 6paxyeamHs
HesusHauenocmel eKCHIyamayiino2o nasanmasxicenus. Bemanoeneno, wo npu po3enidi 00caioncysanux
6apianmié HABAHMAIICEHHS PAMHOI KOHCMPYKYIi, Haunebe3neuHiuumMy € mi, Wo NO6’a3ani 3
PO3BAHMANCEHHAM SAHMANCY, WO SUMALAE NOOANLUIOZ0 OeMANbHIU020 OO0CTIONCEHHA CaMe BKA3AHUX
npoyecie.

Knwwuogi cnosa: npuuen, pama, mMemoo CKiHUEHUX eleMeHMis, HANpysceHo-O0e@opMieHull cmat,
Hanpyoscents, dedhopmayii, nepemiwents, Koegiyiecum 3anacy mMiyHocmi.
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