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Abstract: The process of designing a longwall powered support is extremely complex and requires
many operations related to the creation of a complete machine. The powered support section is one
of the basic elements of the longwall system. It acts as protection for the working space and takes
part in the process of excavating and transporting the spoil. The implementation of the support that
meets the guidelines of the manufacturer and user requires an endurance analysis at the design stage
conducted according to the regulations in force. The main objective of this research, pursued by the
authors, was to perform the analysis of the ultimate strength of selected elements of the designed
powered support section. The research was carried out with the use of special software that uses the
finite element method. This article presents the analysis of the strength limits conducted with the help
of the finite element method, determining the strength of selected elements of the longwall support
section. The solutions proposed by the authors include changes in the structure and properties of the
material in the design process. The aim of the proposed solution was to obtain a model with strength
value that meets safety standards. The research results are a valuable source of knowledge for
designers. Solutions of this type set examples for spatial models of the longwall support section being
designed currently. The analysis presented in the article, together with the results of the research and
the conclusions resulting from them, may improve the safety and effectiveness of powered supports.

Keywords: finite element method (FEM); mining; numerical modeling; power roof supports; safety

1. Introduction

Currently, the dynamically developing area of automation and robotization of ma-
chines in accordance with the idea of modern technologies [1-3] brings about changes in
the processes of their design and production. These changes force producers to use modern
methods and techniques [4-6], influencing the improvement of safety and reduction of
costs and time [7-9]. At the stage of design, the fulfillment of these assumptions allows
using model research [10,11] on virtual objects with the use of numerical methods [12-14].
Numerical modeling techniques based on differential equations [15] enable the creation of
a virtual three-dimensional model. The model, thanks to dedicated software, can be sub-
jected to processes determining changes in the behavior of physical parameters, including
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determination of yield strengths. Determining the yield strengths is an important issue
from the point of view of designing machine structure elements [16-19], as it entails the
determination of the state of stress and deformations resulting from the impact of external
forces [14,16]. At this stage, it is also worth taking into account the working environment
of the designed machines [20-22].

Numerical tests of powered support sections conducted by using the finite element
method in the design process shorten the time of creating a prototype [23-25]. They enable
the use of various design variants [26,27] in order to choose the most optimal solution
based on the analysis [28,29]. Thanks to this, the final product, in this case a powered
support, will meet the quality and safety requirements [30,31]. Due to the significant role
of powered support in the production process, it is important for it to exhibit a high safety
index [32-34]. The support sections are responsible for securing the longwall excavation
against the fall of roof rocks and for moving the mining machine along the face conveyor
towards the face of the wall [35-37]. It is one of the three main machines included in the
longwall complex, which forms a set of mutually dependent machines [38—40].

Elements of the support section are constructed according to specific safety standards
that the support must meet [40-43]. The powered support section consists of basic elements
(Figure 1), which include all the parts carrying load caused by the pressure of roof rocks [44].
The additional elements are the parts that do not transfer the load resulting from the
pressure of the roof rocks, but are necessary for the functioning of the support [45]. The
working environment of the longwall support in underground mining plants is extremely
difficult and dangerous. Complicated natural (environmental) conditions make the process
of coal mining inextricably associated with both natural and mechanical hazards—resulting
from improper use of machines and devices. The accumulation of many threats, such as
methane, rock bursts, the risk of gas and rock outbursts, inclination of underlay, depth
of the selected deposit, water leaks, tectonic disturbances, and coal and rock cracks force
machine designers to take into account these extremely difficult mining and geological
conditions [46].

Figure 1. Section of the powered roof support: 1—canopy, 2—shield support, 3—lemniscate tie rods,
4—leg, 5—floor base, 6—shifting system.

The powered support section opposes the occurrence of dynamic phenomena in the
rock mass, the effect of which is the formation of tremors. The tremors occurring in the rock
mass can be divided into natural and mining, i.e., caused by improper roof control [47].
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The conditions of cooperation between the support and the rock mass are analyzed on
the basis of the processes related to the subsidence of the roof layers. This method has
been widely used to determine the factor characterizing the maintenance of the roof. The
support is influenced by some dynamic phenomena occurring in the rock mass, such as
vibrations, rapid clamping of the adjacent rocks, impact of crushed and ejected rocks and
an increase in load force resulting from a fractured rock mass. All this collaboration is
extremely complex. It depends on many mining and geological factors influencing the
value of the load on the powered support by the rock mass. These parameters, apart from
the previously mentioned depth of the works, are structure and strength of the surrounding
rocks, exploitation history, height, length, span of the wall and water accumulation [47].

At the stage of designing, planning and conducting research on a powered support
section, each of the elements should be thoroughly analyzed prior to the interaction between
the support and the rock mass under real conditions [48-50]. The design stage is based
on the selection of adequate technical solutions and on determining mutual dependency
between them in order to obtain the final effect [51,52].

The first stage involves the preparation of a flat model, which is subject to analysis
in order to determine its geometric and kinetostatic features [53]. The performed analysis
must meet the design guidelines. The data are analyzed in the form of dimensioned
elements of the powered support section. The second stage covers the scope of strength
analysis and determination of boundary conditions. An adequately prepared model is
generated in dedicated software [54], where it is subjected to stimulation. The third stage
includes the preparation of the prototype and testing in a notified body [47,53].

After obtaining a positive opinion from the research laboratory, the production of
powered support begins. The importance of the powered support section in the entire
process [55,560] triggers the need to conduct a series of tests using modern methods [57-59]
to optimize its strength parameters with the aim of improving safety in accordance with the
PN-EN standards, as well as improving quality, efficiency and reduction of production cost.

This publication presents model strength tests of powered support sections with the
use of numerical calculations. This work contains the examples of design solutions for
the formation of the support in accordance with the standards and safety regulations.
The analysis also took into account the working environment [60] of the machine and the
conditions of interaction with other machines.

The purpose of this article is to determine the strength limits of the elements of
powered support sections by means of numerical calculations. The tests will make it
possible to get rid of defects and will allow design features to be given to the machine as
early as at the design stage. Such activities will take into account the reduction of the costs
of creating a prototype in accordance with the manufacturer’s and the user’s guidelines.

2. Materials and Methods

The load acting on the body may cause deformation of the structure. In case of reaching
a load value exceeding the permissible values of individual elements of the structure, it may
lead to destruction or irreversible deformation. The impact of the occurring deformations
and stress depends on multiple factors regarding the type of material, the force affecting
the structures and the condition of the machine [61-63].

Operations using calculation methods simulate the effect of load force on individual
elements of the machine structure. These elements are subjected to load carrying capac-
ity assessment, that is, strength assessment and deformation assessment, in accordance
with the standards, regulations and manufacturer’s recommendations [64,65]. All these
operations are meant to guarantee safety [66] and rigidity as well as limitation of economic
losses of the machine. The computational methods use the principles of solid mechanics,
where they use mathematical calculations [66,67] to describe the influence of the load by
determining the state of deformations and stress of the machine and mutual interactions,
taking into account the material properties of the structure [68,69]. The determination of the
properties of continuity, homogeneity, isotropy and elasticity of the material allows specify-
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ing mathematical dependencies [70]. When it takes into account the mechanical properties
of the material and the analysis of computational methods, the machine’s operation is able
to limit the formation of permanent deformations.

According to the guidelines concerning the strength of the materials, the body sub-
jected to a load force is deformed. The deformations can be divided into elastic and plastic.
The elastic deformations do not change the shape of the structure elements after removing
the load force affecting the mechanical properties. In case of plastic deformation, the per-
manent deformation which affects the structure from the very beginning occurs. Only after
reaching the permissible values, called the limit of elasticity, it damages the structure [71].
When focusing on deformations in steel structures, it is taken into consideration that due to
the deformation mechanisms, the material is a part of the elastic—plastic group.

The deformation intensity, which is a measure of deformation, determines the changes
in the dimensions of the length and is given by the formula:

e = anOATl 1)

where:

e—deformation (%);

l—distance between the assumed points before material deformation (mm);

Al—the sum of the distance between the points created after the deformation of the
material (mm), and changes in the dimensions of the angle:

v = limcg—0pE—0CDE — C'D'E/ )

where:

y—value of the deformation angle (°);

CDE—points marked on the material before deformation;

C'D’E'—the difference in the position of the points marked on the material after
deformation.

The change in length is the result of a loosening of the body structure, and the change
in form is the result of a slip, i.e., shifting the layer of atoms one after another. The state of
deformation in the vicinity of the point, e.g., O, will be described by the quantities ¢ and vy
in all directions, with point O as the reference point [72-74]. In addition, the deformations
can be purely of the volumetric type while meeting the following conditions:

Yxy = Yyz = Yxx = 0 ®3)

where:
Yxy,yzxx—measures of component angles (°).

Ex =&y =€ =¢ 4)

where:
€x,y,z—components of the deformations (%);
and purely figural under the following conditions:

COSYxy = COS Yy, = €COSYyxx — 1 czyliAV =0 (5)

where:
COS Yxy,yzxx—C0s angles of deformation components;
AV—the sum of the displacement (mm).

Ex =&y =€, =¢ 6)

where:
€x,y,z—components of the deformations (%).
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The powered support section is constructed in such a way that the structural elements
balance the load force, affecting its operational elements. The rock mass, which in addition
is an anisotropic body, and the activities related to the functioning of the machine, have
an influence on the operation of the support. The force load is divided into permanent,
variable and resulting from the environment. It is obvious that during the analysis from
the set of possible load combinations, one should take into account the sets of load force
causing the most unfavorable systems of force and moments, both for the components and
the entire structure [72-74].

2.1. Calculation Model for the Limit of Elasticity

The calculation model for the limits of elasticity takes into account the stress of the
force impacting the powered support and shows the creation of elastic deformations in the
model. The position of elementary body particles exposed to external force has an influence
on the stress value. In addition, deformations are conditioned by the characteristics of the
material from which the structure is made. This leads to following arbitrary formulas:

o = f(e) %

where:

o—stress values (MPa);

f(e)—values of the deformation function (%).

Data on the functions f of the interdependencies of o on ¢ are obtained by conducting
adequate strength tests, in accordance with the standards and regulations for the safe use
of machines and devices [74].

Elastic—plastic materials, in this case elements of the powered support section, are
subjected to the following tests:

e  Static load tests:

- Under bending load capacity test;

- Under compressive and tensile load capacity test;

- Elements for mounting props and cylinders under compressive and pulling load
capacity test;

- Working load capacity;

- In the case of a mine crib support with a horizontal load;

- Inthe case of a shielding support with a horizontal load;

- With an asymmetric load.

o  Cyclic endurance tests:
- Bending;
- Twisting [45].
From the tests of the dependence o = f(¢), certain material properties, called the

material strength properties, can be observed if they relate to the entire test or the material
elasticity properties and if they refer to the area of elastic deformations.

2.2. Calculation Model for the Yield Point

The implementation of the computational model including the yield limits allows
one to obtain the values describing the average properties of the material at the design
stage and describes with a certain accuracy the phenomena that occur in the material in
reality. Exceeding the yield point leads to permanent deformations as a result of which the
machine is damaged and prevents its further functioning in the longwall excavation. The
yield point is one of the values of a material’s endurance [61].

The diagram of the limits of elasticity (Figure 2) presents the way in which a given
material behaves when impacted by load force. The values of the behavior of the tested
steel were superimposed on the basic values of the elasticity limits of a given material by
presenting a preview of the moment of exceeding the permissible values of elasticity and
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plasticity of structural elements of the powered support section. The operation was carried
out for the purpose of comparison.

O |

0

Figure 2. Graph of the strength limits of the tested material, where A—proportionality limit, B—
elasticity limit, C—yield point, C'—yield point for steel, D—material hardening, D’—steel hardening,
E—temporary steel endurance, F—ad hoc endurance, G—breaking the material, H—Hook’s Law,
Blue Line—scope of Hook’s Law, Red Line—range of nonlinear unsteady and plastic deformations,
Yellow Line—Stress with consideration of the constriction, Black Line—The range of nonlinear
intractable and ductile deformations for steel.

The limit of proportionality determines the moment (A) in which there was no change
in the structure of material and that maintains the linearity between deformation and
stress. In contrast, the elasticity limit (B) shows the lack of linearity between stress and
deformation. The sample deforms but returns to its original shape. This means that the
elastic energy is completely returned. For the yield point (C) and for steel (C’), at the
moment of applying stress, the plastic deformation becomes visible, which after removing
the stress does not return to its original state. The area between points CD, and for the
value of steel C’-D’, is the material flow moment. Strengthening of the material (D) and
steel (D’) takes place at the moment of a certain inhibition of the creation of slips. During
this time, from point D and D, it is necessary to increase the stress in order to increase
the deformation or destruction of the material. The phenomenon of temporary strength
for steel (E) and for reference material (F) is the point of state at which the stress is no
longer homogeneous.

Point (G) marks the point of rupture, the loss of physical properties of the material.
The range we are interested in for material strength is the one highlighted in blue (Blue
Line). This is the range of elastic deformation of a material, i.e., where the material will
return to its form after the external force disappears. The range (Red/Black Line) defines
the elastic limits. In this area, if the stresses exceed the permissible value, permanent
deformation will occur in the material. The range (Yellow Line) defines the absence of a
momentary increase in stress; we have the material transitions to a plastic state. When the
stress is further increased, it causes a nonlinear increase in strain until a noticeable local
constriction called a neck occurs.

In the tested samples, there is a concentration of slips in one place, visualized in the
form of a local narrowing [57,64]. Avoiding the phenomenon in point E, F requires the
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designer to take measures to prevent exceeding the permissible values in order to meet the
safety requirements of the support structure.

Taking into account the above calculation models for the limits of elasticity and plas-
ticity of the support, the support was subjected to numerical tests. The model determines
geometric and kinetostatic features. The model of the 3D section is made in dedicated
software [54]. It defines the design guidelines and material properties for the production of
individual elements of the support at the design stage. The simulation included applying
load force on individual elements, and it indicated strategic places where there was the
greatest probability of exceeding the permissible values. Withdrawal from the design
procedures may lead to permanent damage, the result of which is the inability to use the
support section for further operation.

3. Results

Based on the data regarding the powered support, which are presented in Table 1,
model tests of strength limits of its elements were performed with the use of dedicated
software [54]. The tested powered support is a two-rack chock shield support with a
lemniscate mechanism for guiding the canopy. The basic parameters of the support are
shown below.

Table 1. Parameters of the tested section of powered support.

Name Value Unit
Height range 1.0 +3.50 (m)
The support’s operation range—for non-bursting coal 1.70 = 3.40 (m)
seams
The support’s operation range—for bursting coal 1.80 = 3.40 (m)
seams
Set division 1.50 (m)
The support’s movement to 0.8 (m)
Longwall inclination to 35 ©)
Lateral longwall inclination +20 ©)
Initial load capacity of the props for 25 MPa (30 MPa) 2 x 1767 (2 x 2120) (kN)
Nominal load capacity of the props for 43 MPa 2 x 3039 (kN)
Unit pressure on the floor 1.850 + 2.083 (MPa)
Unit pressure on the roof 0.782 + 1.060 (MPa)
Set displacement force for 30 MPa 603 (kN)
Conveyor travel force for 30 MPa 291 (kN)
Supply pressure 25 +30 (MPa)
Mass ~20°500 (kg)

While conducting the project research, a modern prototyping system was used [53].
The assumed result of the design research is achieving the highest possible strength values
of the structure elements of the powered support tested section in the 3D model, which is
shown in Figure 3. For this purpose, a model of the support section was developed and due
to existing experience and knowledge, was enriched with elements and features allowing
achieving the appropriate level of safety according to the standards [67] of the prototype.
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Figure 3. The 3D model of the support section.

3.1. Development of a Model for Analysis

The first stage of the numerical analysis of the powered support section was to prepare
a flat model in order to determine its geometric and kinetostatic features. After determining
the dimensions of the structure, taking into account the operation range, the support’s
model was validated, and the geometry of the kinematic chain was calculated [56]. The
physical parameters of the support were determined: load carrying capacity, internal forces
affecting the support, the angle of the canopy, the angle of friction and the force affecting
the shield support, respectively. Taking into account the calculations of the flat model [53],
the 3D model was made in special software, shown in Figure 4, enabling a computer-based
solution of the problem [54].

0,00 1000,00 000,00 (mrm)

500,00 1500,00

Figure 4. The 3D model of the support section with a numerical grid.

This software made it possible to verify visually and kinematically the operation of
the support in its full height range [58,75]. It also helped to verify a possible collision of the
support’s components with other machines of the longwall complex. The analysis had to
meet the design guidelines. The data were subjected to numerical calculations in the form
of dimensioned elements of the powered support section. The geometry of the calculation
area was set, then a numerical grid covering the calculation area was generated (Figure 4)
and the type of boundary conditions was determined [54].

The 3D model prepared in this way made it possible to calculate the strength value of
the support section at any point in the calculation area.
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3.2. Research Analysis of the Research Model

The conducted analysis of the model of a powered support section assumed the
application of forces acting on its elements with the minimum to maximum value, in
accordance with the guidelines included in the standards [76]. The methods of applying
load force and the number of cycles, which must be performed by the support before
being allowed to operate, have been defined [47,53] according to the standard [76]. The
requirements set by the standard guidelines reflect the load requirements in real conditions.
The support was subjected to simulation (Figure 5) in dedicated software, which allowed for
the calculation of reduced stress at a selected point according to the Huber-Mises-Hencky
hypothesis. This hypothesis assumes that the measure of the stress of material subjected to
load force is the energy of the shear deformation associated with the change in the shape of
material [54,75].

I a ®
0,00 1500,00 3000,00 (rarr) 7
[ Saaaaaa— ESS—0

750,00 2250,00

Figure 5. Load force simulation of the support’s canopy.

The results obtained in the simulation of the canopy element did not meet the safety
requirements defined by the standards [76] and the manufacturer. In order to improve
the strength of the canopies, geometric adjustments were made, which allowed for more
effective use of the material and increased its strength. The effect of these operations is
presented in Figure 6.

| s x
0,00 1500,00 3000,00 (rmm) z
. 1

750,00 250,00

Figure 6. Load force simulation of the support’s canopy—correction.
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Properly selected elements were fastened in place with beam nodes and a grid was
created (Figure 7). The force values were successively assigned at the appropriate angle.
The result of the strength analysis was the creation of a map drawn on a finite element grid.
These maps illustrated the number of cycles after which a crack will occur in a given area
(Figure 8).

2647,6 Maks

1949 Maks

Figure 8. Stress analysis on a finite element grid—support’s canopy.

The results of the analysis showed places exposed to plasticization or material breaking
in the part of the canopy and floor [61,71]. These points are located in the places where
elements connect, such as welds and notches of individual elements of the support section
(Figures 9 and 10).
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Figure 9. Stress analysis on a finite element grid—floor.

.,
by
ONTaS.

Figure 10. Stress analysis on a finite element grid—floor.

The strength analysis is able to determine a possible change in terms of structure or
material [47]. The procedures related to the change of material or geometric and construc-
tion elements required repeating computational analysis to obtain a result that meets the
requirements. The purpose of the analysis is to define guidelines ensuring failure-free
operation of the powered support section, taking into account at the same time the costs of
production and operation. The performed tests are supposed to reflect the underground
operating conditions of the powered support section.

The result of the performed design activities is the creation of a prototype of the
housing section, which is subjected to laboratory tests. These tests are carried out in
accordance with the requirements of the Machinery Directive and other standards [45]. A
positive test result would be the basis for the implementation of the prototype and the
commencement of the bench tests.

4. Discussion

Initially, the research was based on giving the prepared flat model geometric and
kinetostatic features in order to create a spatial model of the powered support section. The
3D model was subjected to calculations specifying the limits of elasticity and plasticity. For
this purpose, the method of numerical calculations was used, taking into account the basic
formulas included in the article. The calculations were made with the use of dedicated
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software, which allowed us to model and simulate the effect of stress [54]. The elements of
the powered support section were subjected to load force that may occur in real conditions.

Before starting the model endurance tests, the working hypothesis was enriched with
specification of the type of material used and the location of additional structural elements.
The hypothesis resulted from the experience of designers and the knowledge acquired
while designing powered supports with similar parameters.

The canopy of the powered support section was subjected to simulation, as shown
in Figure 6. Higher strength values of this element were achieved. The type of material
the support would be made of has been changed, thus meeting safety standards. The
effect of this operation is shown in Figure 7. The section elements are connected in space
with nodes and a grid is created (Figure 8). This narrows the area of applying the force
affecting particular places in the model machine. The force values applied at an appropriate
angle were used to perform an endurance analysis of the given cycles after which possible
changes in the elasticity or plasticity limits of the material would occur. The tests were
performed until the model met the permissible number of cycles, which were required
by the safety standards. During the analysis, the places marked in red turned out to be
(Figures 9 and 10) most exposed to stress in real conditions. The resulting model, having
been subjected to numerical analysis while meeting the manufacturer’s guidelines and
regulations, is the result of making a prototype, which was previously subjected to bench
tests. The development of the study model and the analysis of the results during the
conducted research were divided into several stages, which are shown in Figure 11:
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PROCEDURE FOR DETERMINING STRENGTH LIMITS OF
MECHANISED POWERED ROOF SUPPORT STRUCTURES

STAGE1

STAGE 2

A 4

Parameters of the tested powered roof support

STAGE 3

Determination

of strength limits Calendfionumedlel

for the yield point

Calculation model
for the limit of
¢ elasticity

STAGE 4

Y

3D model of the support section with a
numerical grid

|

A

y

STAGE5

\ 4

Research analysis of the research model

v

Numerical testing of strength limits

v

Analysis of test results obtained

The emergence of an optimal model

v

Development of a prototype for bench testing

Figure 11. Steps in the analysis conducted.
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5. Conclusions

The analyzed spatial model of the powered support presupposed additional structural
elements and given material properties in order to increase the strength. These factors were
specified by numerical calculations. The places most exposed to possible damage resulting
from exceeding the allowable stress values were designated. The data from the performed
support’s load force cycles showed that the machine meets the strength requirements.

The main disadvantage of the MES test performed is the need to control the numerical
error. This error can be due to grid density, changes in boundary conditions and material
properties, time step, and others. This drawback, however, is acceptable for all numerical
methods. The limitations were due to the ability to analyze the test model, with only one
program to determine the strength limits.

The keynote of the model endurance tests was to achieve safety and quality require-
ments while reducing production costs. The structural elements of the machine were
designed in such a way that they would be able to meet the requirements of safety stan-
dards. The reduction of production costs included the implementation of one prototype
subjected to bench tests in a research laboratory. It is possible only when the model is
properly designed.

The performance of model endurance tests already at the design stage showed us the
advantages and disadvantages of the structure. Eliminating defects and providing design
features made it possible to obtain the optimal model. On the basis of the numerical model,
a prototype was created, which was successfully subjected to bench tests.
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