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Abstract: The phenomenon of coal cake collapse is often caused by the unstable operation of the
elastic cam in a large coal cake tamper. Aiming at this problem, the mechanical characteristics of the
composite rubber elements during cam rotation are studied. A rubber piecewise-function constitutive
model is established based on phenomenological theory, and different rubber constitutive model
coefficients are obtained according to rubber test data. A contact simulation model between the
elastic cam and the tamping hammer friction plate is established to obtain the stress—strain law of
the composite rubber elements and the pressure-displacement curve of the elastic cam. The stiffness
test platform of the elastic cam is designed, and the differences in results between the test and the
simulation are discussed. The results show that the stress—strain curve of rubber has a nonlinear
increasing trend and the error between the proposed piecewise function and the test value is less
than 2%. As the cam displacement increases from 1 mm to 10 mm, the cam pressure increases
from 7715 N to 40,000 N. The simulation results of the rubber stress—strain relationship using the
piecewise-function constitutive model are closer to the test data than the simulation results using the
elastic modulus as a constant, and the error is less than 6.18%.

Keywords: elastic cam; coal cake tamper; composite rubber elements; rubber constitutive model;
cam stiffness test

1. Introduction

The coal cake tamper of the coke oven (as shown in Figure 1) is a special type of
equipment for tamping loose coal in the tamping box. By the continuous impact of the
hammer, loose coal is compacted to form coal cakes with a specific pile density. The coal
cake’s tamping quality directly affects coke production quality. The tamping hammer
lifting device, which drives the tamping hammer, is a critical part of the coal cake tamping
machine in the coke oven. Its principle is that a group of symmetrical rotating elastic cams
intermittently clamp the tamping hammer to achieve the upward throwing and free falling
of the hammer. The increasing demand for coal cake volume in large-scale coke ovens
necessitates a higher quality and efficiency of coal cake tamping. This entails an increase in
both the frequency and height of tamping, resulting in a more complex working load. After
prolonged service, the cam elastic element often exhibits cracks and experiences elastic
failure (as shown in Figure 2a), resulting in inadequate lifting force and subsequent collapse
of the coal cake (as shown in Figure 2b).

The causes of these issues include unstable lifting force caused by constant variations in
the contact point of the elastic cam, irregular changes in cam stiffness, as well as alterations
in large deformation force during clamping. However, current research primarily focuses
on the arrangements of tamping machine structures and mechanisms, while studies on the
rubber elements mainly investigate how different fillers affect their constitutive behavior
and predict mechanical properties related to their formation.
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Figure 2. Problems on the work site: (a) cracked cam rubber elements; (b) coal cake collapse.

Regarding the tamping machine structure and pulverized coal tamping molding,
scholars have carried out a considerable amount of research in recent years. Sun et al. [1]
established mathematical models of the maximum positive pressure and maximum drag
moment of the cam mechanism, carried out a dynamic analysis on the cam mechanism of
the tamping hammer, and obtained the dynamic regulation of the tamping hammer lifting
device. Peng [2] analyzed the problem from the perspective of SCP machine control and
proposed corresponding optimization measures. Fan [3] optimized the frame structure
of the tamping machine. Gabriel et al. [4,5] summarized the elastic—plastic regulation
of pulverized coal under a certain blending ratio during the tamping process through a
scale model experiment. It was concluded that the density and strength of briquettes after
tamping molding were related to the tamping work. Dash et al. [6] studied the effect of ash
content on the density and strength of coal briquettes after tamping to improve the yield of
coal briquettes after tamping, and finally obtained the optimal coal mix ratio. Kim et al. [7]
established a three-dimensional model of pulverized coal based on the discrete element
method, studied the influence of pulverized coal pores on coke strength, and provided a
reference for improving the stacking performance of pulverized coal. These studies are
mainly focused on the structure of the tamping machine, the lower frame and the layout of
the camshaft phase difference, and the ratio of coal powder and the strength of the coal
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cake itself. However, the influence of the mechanical properties of the elastic cam itself on
the extrusion force between the cam and the tamping hammer is seldom studied.

In terms of the finite element simulation method of rubber and cam, Perez et al. [8] used
finite element modelling simulations to predict wear in the cams processed. Guo et al. [9]
proposed an adaptive p-version finite element method in their paper for the solution of
3D cam problems, and they solved the concrete-like particle-reinforced composite prob-
lems with that method. Maitland et al. [10] used finite element simulation to improve
forward motion on cross-slopes compared with single- or double-cantilever spring designs.
Louay et al. [11] calculated the bending deflection of the cam profile numerically and veri-
fied it for bending deflection at the point of contact by the finite element analysis method.
Wang et al. [12] obtained the deformation and stress of the rubber components and the
cord reinforcements by FE simulation to judge the rationality of tire construction design.
Limrungruengrat et al. [13] obtained predictions of the temperature, cure level distribution
in the rubber part, and press force during a curing process from a developed finite element
analysis. These studies have mainly used the finite element method to analyze structural
wear, strength, and stiffness, and few have applied it to constitutive coefficient simulation
and automatic search of the material properties of rubber materials.

In studies of rubber elements constitutive models, most scholars have focused on rub-
ber’s molecular mechanical properties and composite materials’ properties. Besdo et al. [14]
presented a new phenomenological inelastic constitutive model for rubberlike materials
and demonstrated its good correspondence to cyclic measurements for both uniaxial ten-
sion and simple shear tests up to large deformations. Kumar et al. [15] researched a
phenomenological model for the viscoelastic behavior of natural rubber and its mechan-
ical behavior. He et al. [16] developed a fitting algorithm that can realize the automatic
fitting optimization and determination of the parameters of all SEFs reviewed. This algo-
rithm could quantitatively assess the ability of each SEF to reproduce the experimental
data of both unfilled and highly filled rubber nanocomposites. Annarasa et al. [17] pro-
posed a one-dimensional constitutive model for elastomeric materials and captured the
changes in constitutive behavior and energy dissipation associated with the Mullins ef-
fect. Jha et al. [18] proposed a novel phenomenological constitutive modeling framework
that incorporates damage and residual stress capabilities for solids. Yuan et al. [19] first
attempted the analysis of the constitutive relations of filled rubber by calculating amplifica-
tion factors related to stress and strain distributions. Liu et al. [20] established a constitutive
model of rubber compound material with the shear strain energy of cord/rubber and
compiled the subprograms involved in a constitutive model of anisotropic hyper-elastic
materials. The subprograms were used to form an effective prediction method for the
deformation behavior of cord /rubber composites. Zhao et al. [21] proposed an optimiza-
tion algorithm for model parameters fitting and predicted the mechanical behaviors of
rubber-cord composites using the developed model. Kurzina et al. [22] studied the elastic
hysteretic properties of various polymer-damping composite materials. Dong et al. [23]
studied the mechanical properties of complex fabric-rubber composite under different tem-
peratures based on macroscopic and meso-structural characterization. Khodadadi et al. [24]
investigated the impact performance of composite panels consisting of plain-woven Kevlar
fabric and rubber matrix. And they investigated the deformation and damage mechanism
of fabric and composite under impact loading. All in all, most scholars have studied the
influence of different rubber fillers on the rubber constitutive structure and the prediction
of rubber-forming mechanical properties. However, few scholars have studied a large
deformation constitutive model of rubber under different theories and the mechanical
properties of composite rubber structures.

Given the aforementioned issues, in conjunction with the operational characteristics of
the hammer-lifting device and the rubber test data, this paper establishes a large deforma-
tion constitutive model of rubber based on phenomenological theory and derives distinct
coefficients for the rubber constitutive model. Additionally, a simulation model is presented
to investigate the mechanical characteristics of composite rubber elements during cam
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rotation. The resulting variations in elastic cam pressure and compression displacement are
determined, while also designing an elastic cam stiffness test and discussing discrepancies
between experimental and simulated results. The innovations of this paper are as follows:

(1) A constitutive model of the large deformation of rubber based on phenomenolog-
ical theory is proposed to obtain the relationship between stress and strain under large
deformation of rubber. The comparison error between rubber stress based on this method
and test data is less than 2%.

(2) A mathematical model of the change of cam compression displacements in lifting
the tamping hammer is presented by analyzing the motion characteristics of the elastic
cam and the tamping hammer. By establishing a finite element model of the elastic cam
and simulating the loading under the contact condition, the variation regulation of the
cam pressure with different compression displacements is obtained. And the distribution
regulation of the stress and displacement of the composite rubber elements inside the cam
is obtained.

(3) A method for measuring the stiffness of the elastic cam is presented, and the test
platform is designed and built. Finally, the stiffness curve of the elastic cam is obtained.
Experiments verify the correctness and rationality of the simulation results of the elastic
cam. The error between cam simulation stiffness and test stiffness is less than 6.18%.

The rest of this paper is organized as follows. Section 2 introduces the calculation
method for compression displacement of composite rubber elements in cam rotation. The
establishment of the nominal stress and elongation function based on the large deformation
of rubber and the determination of different rubber constitutive model coefficients based on
test data are introduced in Section 3. The simulation analysis of the mechanical properties
of composite rubber elements is presented in Section 4. The stiffness test for elastic cams is
introduced in Section 5. Finally, Section 6 summarizes the conclusions of this paper and
Section 7 presents the prospect of this research work.

2. Change Analysis of Compression Displacement of Composite Rubber Elements in
Cam Rotation

The tamping hammer lifting device is mainly composed of cams, composite rubber
elements, friction plates, and tamping hammer rods. Since the tamping hammer lifting
device has a symmetrical structure, to simplify the model and shorten the analysis time, a
unilateral cam was selected for force analysis, as shown in Figure 3. Each cam is mainly
composed of a cam plate, rubber elements, fixed circular plate, intermediate rib plate,
double-headed stud, and circular skeleton. When the cam plate is subjected to the load,
the force is directly transmitted to the fixed circular plate on both sides. Then, the force is
transmitted to one end of composite rubber elements by the fixed circular plate. Finally, the
force is transmitted to the internal rib plate through the composite rubber elements. The
composite rubber elements refer to the 20 rubber elements that an elastic cam contains. The
tamping action is produced by the cam pair rotating relatively opposite on both sides of the
tamping hammer to generate extrusion friction to lift the tamping hammer. In the process
of cam rotation, the displacement and radial force of the composite rubber elements are
continuously changing, which is related to the contact state between the cam profile and
the friction plate of the hammer rod.

In Figure 3, when the cam rotates to the arc DA, the cam does not squeeze the hammer
and the composite rubber elements do not deform. Meanwhile, the composite rubber
elements will not provide pressure to the cam. As the cam continues to rotate and the
contact point of the cam profile and the friction plate is on arc AB, the cam begins to squeeze
the tamping hammer, and the composite rubber elements begin to deform, providing
pressure to the cam. However, the pressure provided at this time does not reach the
maximum. When the contact point between the cam profile and the friction plate is on arc
BC, the displacement of composite rubber elements reaches the maximum and provides
the maximum pressure to the cam. As the cam continues to rotate, when the contact
point between the cam profile and the friction plate is on arc CD, the displacement of the
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composite rubber elements gradually decreases, and its pressure also gradually decreases.
Finally, when the cam rotates to the arc DA section, the displacement of composite rubber
elements is zero again, and the pressure provided is also zero. Therefore, the motion
process of the tamping lift hammer is divided into four stages: initial contact—stable
extrusion—imminent separation—complete separation, as shown in Figure 4. Studying the
stress state of the cam and its internal rubber elements in a circle is to study the change of
compression displacement Xi at each moment when the cam arc ABCD and friction plate
contact; the force changes of the composite rubber elements are caused by the Xi change, as
shown in Figure 5.

(b)

Figure 3. Schematic diagram of force and composition of elastic cam: (a) cam and friction plate force

diagram; (b) cam structure diagram: 1. composite rubber elements; 2. cam intermediate rib plate
fixed shaft; 3. cam plate; 4. tamping hammer friction plate; 5. double stud; 6. circular frame; 7. fixed
circular plate.

As shown in Figure 3, in section AB, the compression displacement of X; during cam
movement is:
Xi=Ri—Xo 1)

where X is the distance between the center of the intermediate rib of the cam and the edge
of the friction plate of the tamping hammer.
As shown in Figure 5, according to the sine theorem in AO;0,4;, it can be seen that:

Ry I R;

sin(6— 6;)  sin Z0,A;0;  sin ZA;0,0; @)

So, in section AB:

. Ry . . ho
R, = sin(8o — 67 sm{lSO 0o + 0; aurcsm[R—1 sin (6o 61)]} 3)

Similarly, it can be obtained, in section BC:
Ri=h+Ry 4)

in section CD:

e sin(Gi - 9() - 901

l
] sin{180 —0; + 6y + 6g1 — arcsin[R—1 sin(6; — 6y — 901)]} (5)
1
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Figure 4. Schematic diagram of the relative motion process between the cam and the tamping

(©)

hammer of the tamping hammer lifting device: (a) initial contact; (b) steady extrusion; (c) imminent

separation; (d) complete separation; 1. tamping hammer rod; 2. friction plate; 3. cam; 4. composite

rubber elements.

Figure 5. Schematic diagram of geometric relation of the compression force of cam plate.
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X; =

Ry sin{lSO —60p+6; — arcsin[ll{—l1 sin(fy — 91-)]} - Xp

sin(Gon,v)

Ii + R — Xy
Ry

sin(0;—0p—61)

By substituting Equations (3)—(5) into Equation (1), the cam compression X; of different
arc sections of the cam plate is:

0<6; <6y

0o < 6; < 0y + 6o

(6)
. ol .
s1n{180 —0; + 60+ 6o — alrcsm[R—l1 sin(6; — 6y — 901)]} - Xy 0o + 601 < 0; < 26p + 601
200+ 6y < 0; <27
Positive cam pressure Fy is:
N
Fy = ) kiX; )
j=1
where k]- is the stiffness of the rubber element, N/mm.
The unilateral friction force Fy of the tamping hammer is:
Ff = ukn 8
where y is the coefficient of friction.
According to Newton’s second theorem:
Ff—mcg/2 = meac/2 )

where m, is the tamping hammer quality, kg; a. is the acceleration of tamping hammer
motion, m/s?.

3. Establishment of Constitutive Rubber Model of Elastic Cam Based on the
Phenomenological Theory

3.1. Establishment of Nominal Stress and Elongation Function Based on Large Deformation
of Rubber

The statistical thermodynamic constitutive model of rubber only applies to the slight
deformation of rubber. However, rubber’s most important mechanical feature is that it
can produce large elastic deformation. In order to describe the stress—strain behavior
of rubber under considerable strain, most research and engineering applications have
focused on using continuum mechanics methods to conduct phenomenological analysis of
rubber under considerable strain [25]. The phenomenological theory does not study the
microstructure and molecular mechanism of rubber but rather observes the macroscopic
stress—strain relationship of rubber by the experimental method, finding the expression
of strain energy stored in the rubber elastomer, and on this basis, establishing the theory.
Based on the continuum mechanics of phenomenological theory, two primary expressions
exist for the strain energy function of rubber’s constitutive model. One is the strain energy
function expressed by the principal elongation, such as the Ogden model, the other is
the strain energy function expressed by the strain invariant, such as the Mooney-Rivlin
(M-R) model.

(1) Nominal Stress and Elongation Function based on the Ogden Rubber Constitutive Model

Ogden strain energy function W is expressed as principal elongation [26]:

-MZ
SRS

Il
—

W=3 SLOAF+ A5+ A5 -3) (10)

1
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where A; is the elongation in three directions, and &; and y; are material constants and are
not limited to integers. According to the incompressible characteristics of rubber volume,
thereis A{AsA3 = 1.

The nominal stress can be obtained directly by the deflection of strain energy function
W with respect to the elongation ratio:

oW _
Onom_i = 87)\1 - P)\i ! (11)
where p is the undetermined Lagrange multiplier, which can be determined by the boundary
conditions.
Based on rubber uniaxial tensile test:

A=A
1
=2 12)
/\3:)\ 2
(722(7320

By substituting the Equation (10) into Equation (11) and combined with Equation (12),
we derive:

N 1
Onom = ) pi(A%TH —AT2M T (13)
i=1

Expanding Equation (13), when N = 1, the strain energy function is called the Ogden1-
order model, and the nominal stress 0,05

Onom = ,ul()\al_l - )\_%al_l) (14)

When N = 2, the strain energy function is called the Ogden2-order model, and the
nominal stress oyom:

Crom = fi1 ()\alfl _ /\7%04171) + }12()\“271 _ Af%uqfl) (15)

When N = 3, the strain energy function is called the Ogden3-order model, and the
nominal stress 0;o5:

Tnom = Vl(/\alfl _ /\7%“171) + VZ(/\oczfl _ /\7%&271) + V3()\063*1 _ A*%%*l) (16)

Through uniaxial tensile test, coefficients #; and y; can be obtained respectively.
(2) Nominal Stress and Elongation Function based on the M-R Rubber Constitutive Model

The simplified formula of strain energy function derived by Mooney-Rivlin is as
follows [27]:
Wm-r = Cio(l1 —3) + Co1 (2 — 3) (17)

where I; and I, are the basic strain invariants, and the nominal stress 0,0,
Onom= 2(1 - A_3) (AC1o + Cot) (18)
Then, C1g and Cy; can be obtained by uniaxial tensile test data.

3.2. Acquisition of Rubber Uniaxial Tensile Test Data

According to the ISO 37-2017 standard [28], the rubber uniaxial tensile test adopted
12 dumbbell-shaped rubber specimens, as shown in Figure 6a. The narrow part of the
specimens was selected as standard thickness type 1, and the main parameters, such as
the length of the specimens, are shown in Table 1. The uniaxial tensile test was carried out
on an AI-3000 universal tensile machine, as shown in Figure 6b. During the test, the axial
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loading speed of the upper and lower grippers was set at 500 mm/min, the strain rate of
rubber was 0.333 s~ !, and the sampling frequency of the test intensifier was 1 Hz. After
repeated stretching 10 times, the changes in force and time were continuously monitored.

stretcher

upper clamp

ubber specimen

lower clamp

I

Figure 6. Uniaxial tensile testing machine and specimens: (a) rubber specimens; (b) testing machine.

(b)

Table 1. Main parameters of the specimen.

Specimen Name Specimen Length Ly (mm) Width (mm) Thickness (mm) Cross Area Ay (mm?)

NR70 vulcanized rubber 25 +£ 05 63’ 04 2 4+02 ~12

Considering the dispersion and accuracy of the test results, uniaxial tensile tests were
carried out on 3 rubber specimens in each group, and the rubber specimens were stretched
by 100%, 300% constant elongation, and 8 MPa elongation to obtain the stress under
different elongations. Finally, the average value of all the results was taken as the test result,
and the tensile data for the rubber specimens at average temperature were obtained, as
shown in Figure 7.

30.00 T T T T T
27.00 : : ; : -
24.00
21.00
18.00
12.00,
12.00
9.00
6.00

3.00
0

Tensile force (kgt)

Time (s)

Figure 7. Curve of rubber tensile time and force.
Substitute the test results into the following equation:

9.8F
Onom = TO (19)



Appl. Sci. 2023,13, 9247

10 of 23

where F is tensile force, kgf.

Lo+ Wt
= 7L0 =
where V) is the axial loading speed, mm/s; t is the tensile time, s.

According to Equations (19) and (20), the relevant stress and strain curves were
converted, and the test data are shown in Figure 8.

A 1+e (20)

30 = Test data
. Ogdenl-order ":;
Yo
)5 - Ogden3-order .;i-'" N
— v Ogden2-order ’.ﬁ'
= M-R r
< 27 o
g &
@ v
oy 157 o
£ 2
[V &
[}
£ 104 ,a""
= o
o
5 o
¥
v""
¥
0 - ¢
| BN S S S S SN S SN S SN S RN S S S m——
1 0 1 2 3 4 5 6 7 8 9 10

Engineering strain
Figure 8. The results of different rubber constitutive models compared with test data.

3.3. Determination of Different Rubber Constitutive Model Coefficients

The stress and strain results of the rubber test were input into the Abaqus software ma-
terial physical properties interface in the form of an array. The Ogdenl-order, Ogden2-order,
Ogden3-order, and M-R methods were selected for fitting evaluation, and the correspond-
ing solving coefficients based on the different evaluation methods were displayed on the
evaluation interface, as shown in Table 2, where the variance S? is the average square
of the difference between the fitted and test values. The solution coefficients based on
the model coefficients in Table 2 were substituted into Equations (14)—(16), and Equation

(18), respectively. The stress—strain curves of the different rubber constitutive models are
presented in Figure 8.

Table 2. Coefficients under different constitutive models.

Constitutive Model

Solution Coefficients

Name Variance S?
Ogdenl-order u=1.097, x =2.508 0.296
Ogden2-order pp =1.552, a1 =2.608, yy = —0.814, ap = —5.734 0.11
Ogden3-order p1 =1.524, 0y =2.528, pup =5.16 x 1078, uy =9.22, uz = —0.757, a3 = —5.256 0.0246
M-R Cio=1.26,Cy = —1.04 2.786

The test data are shown in Figure 8. By comparing the results of the different rubber
constitutive models with test data, the relationship between strain and stress in the M-R
constitutive model tends to increase linearly. The relationship between strain and stress
of the Ogdenl-order, Ogden2-order, and Ogden3-order constitutive models is nonlinear
under the condition of large deformation. With the increasing rubber strain, the stress of
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the Ogden3-order is closer and closer to the test value, and the deviation of M-R stress from
the test value increases. As shown in Figure 9, when the strain is less than 4, the fitting
error of the Ogdenl-order is lower than that of M-R, Ogden2-order, and Ogden3-order, and
is less than 5%. The one with the greatest error is the M-R stress fitting value, whose error
reaches up to 23%. When the strain is greater than 4, the Ogden3-order stress value has
the lowest error, and the error is less than 3%. Therefore, the function of nominal stress
and strain is characterized by strain equal to 4 as the dividing point, in other words, the
abscissa coordinates corresponding to the point where the four curves intersect, and the
error is the least at the dividing point of the piecewise function.

35 - Ogdenl-order error
1. . Ogden3-order error
30 Ogden2-order error
‘ ‘ v M-R error
25 ‘
{r ;
— ‘ | 'v‘
(=} \ |1
e 20 I' T
b= | ' \ .
4 WY, ¢
N V¥
Hos5q1e T v
| i v
e I 4 | I Y PYY
01 l‘ [ hafR b AT a4 v v
10 = n A v »~ L aaad
1‘& | h o r
1% i . 'vv /
| \ ¥ -
5 ‘ ‘ ; Pl A\ 7
(I T | W& ¢ oy T " e —
- A w L e . L - J y ¥ Vl'-. e Fuw
s ue g | JgI™ g el ’o.' - " -.t
v A ¥ HS e SRR Tieu et e e . L
0 L B B L A BN R R R — 1
0 1 2 3 1 5 6 7 8 9 10

Engineering strain
Figure 9. Error analysis between the results of different rubber constitutive models and test data.

The nominal stress—strain of the rubber constitutive model is simulated as a piecewise
function:

=4 0
T (4T = (1) I T s[4 )0 = (1) 2T (6> 4)
Introduce a step function:
1 0
i ={ o420 22)

Let t = ¢ — 4, substitute it into Equation (22), and then substitute the result into
Equation (21):

_1

Gnom = i [(1+€)" 7 = (1+) 27 £ paH(e - ) [(1+e)2 7 = (1+) 227 4 HE—4)[(1+e 7 = (14272971 (23)

The fitting curve based on Equation (23) is shown in Figure 10. This curve is highly
coincident with the stress—strain curve obtained by the test in this curve. The stress
increases gradually with the increase in strain and it shows nonlinear changes. The error of
the stress value of the curve and the stress test value is less than 2%, the variance is 0.0219,
and the test curve and the piecewise function curve coincide.
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Engineering stress (MPa)

Figure 10. Comparison of rubber constitutive piecewise function with test data.

4. Simulation Analysis of Mechanical Properties of Composite Rubber Elements
4.1. Establishment and Simplification of Simulation Model of Composite Rubber Elements

As the whole structure of the elastic cam extruding and lifting the tamping hammer

Test data

Rubber constitutive piecewise function

Engineering strain

10

was geometrically symmetrical, a unilateral cam was selected for simulation analysis to
improve the computation rate. The simplified finite element model is shown in Figure 11.
The cam plate, fixed circular plate, intermediate rib plate, and press plate were discretized
using a C3D8R hexahedral element, and the total number of grids was 65,000. The rubber
elements were discretized using a C3DS8RH hexahedral hybrid element, and the total
number of grids for the 20 rubber elements was 246,160. The cam inner and outer plate
element type was C3D8R, and the total number of grids was 64,500. In addition to the
rubber material, the piecewise-function rubber constitutive data were brought into the
finite element model, and the material properties of other parts are shown in Table 3.

fixed circular plate

intermediate rib plate

rubber element

cam plate
press plate

RP1 point

fixed circular plate side
upper/circular plane

cylindrical hole
lower circular plane

intermediate rib plate side

Figure 11. The diagram of finite element loading model of elastic cam.
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Table 3. Material properties of each part of elastic cam.
Name Modulus of Elasticity (MPa) Poisson’s Ratio ~ Density (kg/mm?)
cam plate 2.03 x 10° 0.3 7.85 x 107°
fixed circular plate 2.03 x 10° 0.3 7.85 x 107°
cam internal rib plate 2.03 x 10° 0.3 7.85 x 107°
press plate 0.5 x 10° 0.35 1.44 x 1076

As shown by the rubber element on the right in Figure 11, the cylindrical hole of the
rubber element on the middle rib plate side and the stud of the middle rib plate were
set to bind contact constraints. The lower circular plane of the rubber element and the
intermediate rib plate were provided with binding contact constraints. The cylindrical hole
of the rubber element on the fixed circular plate side and the stud of the bolt on the fixed
circular plate were set to bind contact constraints. The upper circular plane of the rubber
element and the fixed circular plate were provided with binding contact constraints.

In the finite element loading model of the elastic cam, the usual hard contact was
set between the cam plate and the press plate, and the tangential contact was set with no
friction property. The inner surface of the intermediate rib plate was coupled with the cam
center, and all degrees of freedom at the coupling point were restricted.

In the load setting, all degrees of freedom except Ul were restricted on the shaft hole
surface of the outer fixed circular plate of the cam, and the position of the shaft hole of
the intermediate rib plate of the cam was fully constrained. At the coupling point RP1,
different displacements in the direction of Ul were set, and degrees of freedom in other
directions were restricted. The analysis step type was static general, and the analysis step
duration was set to 1s. The deformation process of the cam extrusion of the friction plate of
the tamping hammer was simulated, and the changing characteristics of the cam pressure
on the composite rubber elements under different cam compression displacements were
obtained.

4.2. Stress and Displacement Analysis of the Rubber Element

Firstly, the stress and strain analysis of the single rubber element was performed, and
the single rubber element was divided into the same element type and number of grids
as in the figure on the right in Figure 11. All degrees of freedom were restricted for the
cylindrical hole of the rubber element connected to the middle rib plate. Two planes of
the rubber element were constrained by displacement in U3 direction only. The degrees of
freedom except in Ul direction were restricted at the cylindrical hole of the rubber element
connected to the fixed circular plate. The compression displacement in the direction of U1
of the cylindrical hole of the rubber element connected to the fixed round plate was 3 mm.
The analysis step type was static general, and the analysis step duration was set to 1 s. The
stress and the displacement distribution of a single rubber element at 3 mm were obtained.

Figure 12a shows the stress nephogram of the rubber element at a compression dis-
placement of 3 mm. It can be seen from Figure 12a that the stress of the rubber element was
mainly distributed around the cylindrical hole connected with the fixed circular plate, and
the stress gradually decreased from the right half of the inner part of the cylindrical hole to
the right end.

The reason for this result is that the stiffness of the bolt is greater than the stiffness
of the rubber element, and when the bolt squeezes the rubber element, the top of the bolt
compresses the cylindrical hole surface at the bottom of the rubber element as the bolt
moves. With the increase in bolt pressure, the relative dislocation of the cylindrical holes at
both ends of the rubber element becomes more significant, and the support reaction also
increases.
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Figure 12. Stress nephogram of the rubber element: (a) stress of the rubber element; (b) stress of the

rubber element in section view.

Figure 12b shows the stress nephogram of the rubber element in section view when
the compression displacement of the rubber element was 3 mm. According to Figure 12b,
the maximum stress of the rubber element was 1.717 MPa, the maximum stress position
was on the dividing line of the upper and lower semicircle of the cylindrical hole of the
bolt, and the main bearing area was within about 160° of the radiation area of the lower
half surface of the cylindrical hole. The reason is that when the elastic cam is rotating the
extrusion tamping hammer, with the change in the actual contact radius, the bolt on the
cam fixed round plate will transfer the force to the elastic element inner hole, and in the
extrusion transition area of the rubber element cylindrical hole there will appear stress
concentration.

In actual working conditions, each time the cam rotates, its rubber elements will
undergo a process of extrusion and deformation recovery; therefore, the rubber elements
are subjected to alternating stress in duty-cycle operation, and these rubber elements are
prone to fatigue failure. The location of fatigue failure in the rubber element is mainly in
the contact range of 160° between the cylindrical hole of the rubber element and the bolt of
the fixed circular plate, and at the two stress concentration positions of the bolt hole it is
the most significant.

Figure 13 shows the stress nephograms of the rubber elements at different times. With
the increase in time, the stress also increased continuously. The maximum stress was mainly
concentrated on both sides of the cylindrical hole circumference, and the main load-bearing
area was below the cylindrical hole circumference. At 0.25s,0.5s, 0.75s, and 1 s, the
corresponding maximum stress was 0.355 MPa, 0.761 MPa, 1.216 MPa, and 1.717 MPa,
respectively.

As can be seen from the displacement nephogram of the rubber element under a
downward compression displacement of 3 mm in Figure 14, the rubber deformation was
mainly concentrated in the lower half of the cylindrical hole of the rubber element, and
gradually expanded downward. The rubber element was tilted to the lower right, and the
two cylindrical holes inside were relatively misaligned. The rubber deformation caused by
the dislocation provided a reliable lifting force for the tamping device, thus ensuring the
lifting of the tamping hammer. The downward dislocation of the rubber element is caused
by the contact between the cylindrical hole surface on the left side of the rubber element
and the bolt on the intermediate rib plate of the cam, and the right bolt hole surface is
connected with the bolt on the fixed circular plate on the outside of the cam.
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Figure 13. Stress nephograms of rubber element at different times: (a) 0.25s; (b) 0.5s; (c) 0.75s; (d) 1 s.
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This is because, in the actual rotation process of the cam, with the contact between
the cam and the friction plate on both sides of the hammer rod, the fixed circular plate of
the cam will move in the same direction with the bolt. The bolt on the fixed circular plate
provides pressure to the hole surface of the rubber element, and the other end of the rubber
element is fixed on the intermediate rib plate of the cam. The joint action of the cam’s inner

and outer plate bolts causes the dislocation of the rubber element.

4.3. Influence of Displacement of Composite Rubber Elements on Cam Pressure

Figure 15 shows the stress nephograms of composite rubber elements under different
compression displacements. It can be seen from the figure that the maximum stress of
the composite rubber elements under 3 mm, 5 mm, 7 mm, and 9 mm displacements were
0.725 MPa, 1.114 MPa, 1.528 MPa, and 1.979 MPa, respectively. With the increase in the
compression displacement of the cam, the overall stress on the rubber element gradually
increased. The trend and values of the stress distribution for each of the 20 rubber elements
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inside the cam were the same, indicating that the stress distribution for all the rubber
elements was relatively even.
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Figure 15. Stress nephograms of composite rubber elements under different compression displace-
ments: (a) 3 mm; (b) 5 mm; (¢) 7 mm; (d) 9 mm.

This is because the outside cylindrical holes of the 20 rubber elements are all fixed with
the bolts of the fixed circular plate on the outside of the cam. The material stiffness of the
fixed circular plate and the bolt stiffness are much higher than that of the rubber element.
When the cam plate is under pressure, because the relative deformation of the fixed circular
plate and the bolt is very small, it can be regarded as a rigid body, so they move in the
direction of the cam plate pressure as a whole. This results in the force direction of the
outer cylindrical hole of the rubber element in contact with the bolt, and the size is basically
the same.

As can be seen from the displacement nephograms of the composite rubber elements
under different compression displacements in Figure 16, the maximum displacement of
the composite rubber elements under the pressures of 3 mm, 5 mm, 7 mm, and 9 mm
were 4.082 mm, 6.127 mm, 8.175 mm, and 10.23 mm, respectively. With the increase in
the compression displacement of the cam, the displacement of the rubber element also
increased gradually, and the maximum displacement was concentrated on the connection
surface between the rubber element and the outer fixed circular plate of the cam. The
deformation distribution trend and values for each of the 20 rubber elements inside the cam
were the same, indicating that the deformation for all the rubber elements was relatively
even during the deformation process of the composite rubber elements, which could
provide stable positive pressure for the elastic cam.
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Figure 16. Displacement nephograms of composite rubber elements under different compression
displacements: (a) 3 mm; (b) 5 mm; (c) 7 mm; (d) 9 mm.

This is because the diameter of the middle hole of the fixed circular plate on the
outside of the cam is larger than that of the cam intermediate rib plate fixed shaft, as
shown in Figure 3a. Therefore, when the fixed circular plate on the outside of the cam is
under pressure, the fixed circular plate drives the outside cylindrical holes of the 20 rubber
elements to shift in the pressure direction as a whole. And because the material stiffness
and bolt stiffness of the fixed circular plate are much greater than the stiffness of the rubber
element, the relative deformation of the fixed circular plate and bolt is small, so the lateral
deformation of the rubber element is basically the same, and the value is basically the same.

Figure 17 shows the stress nephograms of a cam under different compression displace-
ments. As can be seen from Figure 17, the maximum stress was mainly distributed in the
local position of the contact between the press plate and the cam, and the stress was much
lower than the allowable stress of the cam material. The maximum contact stress between
the cam and the press plate increased from 33.75 MPa to 113.5 MPa with compression
increasing from 3 mm to 9 mm.

This is because, with the cam under increasing compression displacements, the dis-
placement of the rubber elements inside the cam is also increasing, and the elastic force
provided by the elastic elements is also greater, making the contact pressure between the
cam and the press plate increase.

Figure 18 shows the pressure change of the elastic cam under different compression
displacements. With the increase in the displacement of the composite rubber elements, the
pressure it provided to the cam also gradually increased, and the relationship between the
displacement and the pressure of the cam was approximately linear. When the displacement
is 1 mm, the cam pressure is about 7715 N; when the displacement is 5 mm, the cam pressure
is 22,909 N; when the displacement is 10 mm, the cam pressure is 40,000 N. It can provide
sufficient lifting force when the displacement is in the range of 3~5 mm and the cam
pressure is in the range of 15,300 N~23,000 N.
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Figure 17. Stress nephograms of a cam under different compression displacements: (a) 3 mm;

(b) 5 mm; (¢) 7 mm; (d) 9 mm.
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Figure 18. Pressure change of elastic cam under different compression displacements.

5. Stiffness Test of Elastic Cam

5.1. Test Setup

Cam compression displacement (mm)

To further study the mechanical characteristics of the elastic cam of the tamper, the
pressure and compression displacement of a single cam was measured by the test method,
for which a test platform was designed and built. The test platform mainly included the
main frame, loading cylinder, pressure sensor, loading balance plate, elastic cam specimen,
displacement sensor, fixed shaft, u-shaped support, pad, dynamic and static test analyzer

DH3817, etc., as shown in Figure 19.
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Figure 19. Test platform of elastic cam: 1. main frame; 2. loading cylinder; 3. pressure sensor SK118;
4. loading balance plate; 5. elastic cam specimen; 6. displacement sensor GT2; 7. fixed shaft;
8. u-shaped support; 9. pad; 10. dynamic and static test analyzer DH3817.

The elastic cam was threaded through the shaft, and both ends of the shaft were placed
on the u-shaped support. The center of the cam plate of the elastic cam was located just
below the loading application point; the cam was at 0°. In order to simulate the contact
state between the cam and the tamping hammer rod in the working process, a loading
balance plate with high stiffness was set at the loading application point. The balance plate
distributes the external force evenly on the edge of the cam. In the loading process, this
plate was tangent to the upper edge of the cam, and its displacement was the same as
that of the upper edge of the cam. It could also be used as the reference surface for the
displacement signal acquisition.

A pressure sensor (SK118) was installed on the loading cylinder to improve the
accuracy of the pressure readings. Pressure sensors were used to measure pressure and
collect continuous dynamic signals. The displacement sensor (GT2) was used to measure
the cam displacement, and the detection accuracy of the displacement sensor was 0.01 mm.
Three aspects of displacement were monitored, namely, the displacement of the upper
edge of the cam, the displacement of the lower edge of the cam, and the displacement of
the camshaft, to measure the displacement of the cam accurately. The displacement of
the upper and lower edges of the cam reflected the position change of the cam during the
compression process. The purpose of monitoring the displacement of the camshaft was to
detect the displacement of the u-shaped support. The displacement of the upper edge of
the cam was monitored by four corners of the loading balance plate. The error caused by
the uneven installation of the loading balance plate could be eliminated by installing four
displacement sensors. Two displacement detection points were set on the surface of the
lower edge of the cam to detect its displacement. Two displacement detection points were
set inside the u-shaped points on both sides to measure the displacement of the camshaft.

5.2. Signal Acquisition

The test adopted the manual hydraulic loading mode, which was slow in loading
speed and belonged to the static load mode. To reflect the slight changes in pressure and
displacement, the acquisition frequency was set at 50 Hz.

The test was divided into two stages: preloading and measurement. The preloading
stage was to eliminate the displacement error caused by the displacement sensor’s instal-
lation gap and each part’s gap. Since the loading balance plate and the upper edge of
the cam were detached before loading, it had a particular gap from the upper edge of the
cam. The displacement sensor of the lower edge of the cam could always contact the lower
edge of the cam, so in the preloading stage, the lower edge of the cam was set as reference.
When it produced a small amount of displacement, it was considered that each part had
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been compacted. At that moment, the preloading was stopped, and this state was taken
as the reference zero point. The measurement test in the second stage was carried out on
this basis.

In the test, the compression axis was located in the central position of the cam boss for
the pressure test, and a total of 20 load tests were carried out. In the large amount of data
collected, the displacement and pressure values under the specified displacements were
selected for analysis. The method for selecting data was to select average displacement
values of multiple sampling points (generally in the range of 50-100) within a specific
range of the specified displacement (such as the displacement difference in the range
of 0.01-0.03 mm). The range of sampling points was adjusted so that its average value
reached satisfactory accuracy. Then, the average pressure of corresponding sampling points
was calculated as the corresponding value of displacement and pressure. Finally, the
pressure—displacement test curve was drawn as shown in Figure 20.
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Figure 20. Comparison of simulation model and test data curves.

As shown from the test curve in Figure 20, the cam pressure presented an increasing
linear trend with the combined elastic cam displacement increasing, and the pressure
value increased from 7500 N to 39,540 N. When the pressure displacement was 1 mm,
the cam pressure was about 7500 N; when the pressure displacement was 5 mm, the
maximum pressure of the cam was about 23,439 N. It could provide sufficient lifting force
when the cam displacement was in the range of 3~5 mm and the cam pressure was in the
range of 16,384~23,439N. Although the strain and the stress of the single rubber element
are nonlinear, the compression displacement of the composite rubber element is linearly
increased because of the forced deformation of the two ends of the rubber element from the
fixed round plate and the intermediate rib of the cam.

5.3. Comparative Analysis of Test and Simulation Results

As shown in Figure 20, the experimental results were compared both with simulation
results using the rubber piecewise-function constitutive model and with simulation results
using the rubber elastic modulus E as a constant value. As the elastic cam’s compression
displacement increases, the cam’s positive pressure increases, but as the compression
displacement of the cam continues to increase, the simulation results using the rubber
piecewise-function constitutive model are closer to the test data.

The error analysis in Figure 21 shows that the positive pressure error between the test
and the simulation with rubber elastic modulus E as a constant value is between 5.16%
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and 13.89%, while the positive pressure error between the test and the simulation of the
rubber stress—strain relationship with piecewise-function constitutive values is between
0.25% and 6.18%. The simulation accuracy of the rubber stress-strain relationship with the
piecewise-function constitutive values is improved by 55.5%, and the simulation results are
closer to the actual results.
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Figure 21. Errors of test data and simulation data based on different constitutive models.

6. Conclusions

A rubber piecewise-function constitutive model based on phenomenological theory
was established to obtain the mechanical properties of composite rubber elements during
cam rotation in this paper. The simulation model of the contact between the elastic cam
and the friction plate of the tamping hammer was established. The stress—strain regulation
of the composite rubber elements in the elastic cam under different pressure was studied,
and the curves of the compression displacement and positive pressure of the cam were
obtained. The stiffness test of the elastic cam was carried out, and the difference between
the test results and the simulation results was discussed. Finally, the following conclusions
are drawn:

(1) The stress—strain curve of rubber shows a nonlinear increase, which could be seen
from the tensile test and constitutive simulation. The stress—strain relationship based
on different rubber constitutive conditions has an obvious demarcation point when
the strain is 4. The stress—strain curve of rubber based on piecewise function has
a high coincidence with the curve obtained by the experiment, and its error is less
than 2%.

(2) The simulation results of composite rubber elements mechanical properties show that
the cam pressure increases linearly from 7715N to 40000N as the cam compression
displacement increases from Imm to 10mm. The deformation trend and size of
20 rubber elements inside the cam are the same, and the deformation of rubber
elements increases.

(8) The results of the elastic cam test show that, with the increase in compression dis-
placement, the positive pressure of the cam increases, and the simulation results of
the rubber stress—strain relationship with piecewise-function constitutive value are
closer to the test data, between 0.25-6.18%, so the simulation accuracy is improved by
55.5%. The simulation results are close to the actual results.
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7. Prospect of Research Work

The paper developed a rubber constitutive model using piecewise function to describe
the mechanical properties of composite rubber elements during cam rotation, which will
be helpful in the mining industry to control the lifting height to avoid coal cake collapse.

In future work, we will focus on the damage evolution of rubber and the prediction
of cam life.
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