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Abstract
For armoured face conveyors (AFC) in coal mines, fracture and jam phenomena of the chain are
common failure patterns in the chain assembly. These failure patterns are caused by chain's severe
vibrations from uneven loads on the conveyor. However, due to limitations of harsh operating
environment in coal mines, performing underground experiments is difficult to obtain real vibration
signals. Multi-body dynamic simulation is an efficient approach to analyse the complex dynamic
behaviour of chain assembly in the AFC. In order to determine the actual dynamic properties of chain
assembly in the AFC under different operating conditions, multi-body simulation was used to analyse
the vibration properties of the chain assembly. In this study, theoretical analysis of contact force
between horizontal and vertical rings, and between sprocket wheel and rings in the chain assembly
was initially performed. Rigid and rigid-flexible coupling models of the chain assembly were then
established. Dynamic simulations through two types of models, that is, rigid and rigid-flexible
coupling models were conducted under full-, half- and empty load conditions using the ADAMS
software. Trends of contact force, stress, and velocity of horizontal and vertical rings under various
working conditions were obtained, and vibration properties of the chain assembly were analysed based
on the corresponding curves. Results indicate that the maximum velocity is 1.75 m/s in the rigid
simulation, whereas the maximum velocity is 3.0 m/s in the rigid-flexible coupling simulation. The
rigid-flexible coupling method is proven to be more accurate and feasible in describing the dynamic
properties of the chain assembly than the rigid method. The proposed method should be preferentially
utilized in performing multi-body dynamic simulation of the chain assembly in the AFC. This study
provides references for the structural optimization and design of the chain assembly in mining AFC.
(Received in January 2017, accepted in May 2017. This paper was with the authors 2 months for 1 revision.)
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1. INTRODUCTION
The armoured face conveyor (AFC) is one of the important coal transporting means in coal
mines. It also plays a significant and unique role in intelligent coal mining equipment group in
mechanized coal mining face [1, 2]. The reliability and stability of the AFC can determine the
efficiency and safety of a coal mine to a great extent. Compared with ordinary chain
assembly, the chain assembly in AFC is a more complex system with multi-bodies that
comprise numerous horizontal and vertical rings, and two sprocket wheels, that is, head and
tail sprocket wheels. Under working conditions in coal mines, rings are in contact with nearby
rings and sprocket wheels, thus causing complex contact problems. These contact problems
can then influence the dynamic and vibration properties of an AFC.
Statistical data on malfunctions in mining face show that AFC malfunctions account for a
large proportion, most of which involving chain assembly malfunctions [3]. In chain assembly
failures in the AFC, most malfunctions mainly involve jam and fracture of the chain. The jam
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and fracture failures of the chain assembly are caused by complex operating conditions in coal
mines, that is, the uneven and unbalanced loads on the conveyor. The uneven loads at
different times lead to the irregular vibration of the chain. The jam and fracture failures of the
chain can be ascribed to the dynamic properties of the chain assembly. Thus, investigating the
dynamic properties of the chain assembly under real working conditions is helpful to
overcome jam and fracture failures. Current approaches include underground experiment and
numerical simulation [4-6]. However, on the one hand, limited by the harsh explosion-proof
environment in coal mines, most sensors cannot be directly installed on the ring or sprocket
wheel in the chain assembly. As such, the dynamic signals of the chain assembly under real
operating conditions cannot be accurately acquired. On the other hand, the length of the chain
assembly, which is usually hundreds of meters, is difficult to model in 3D software. The entire
flexible simulation analysis is time consuming and has low efficiency. Therefore, an efficient
and detailed simulation of the multi-body dynamic properties of chain assembly in the AFC is
essential to analyse its complex dynamic behaviour.

2. STATE OF THE ART
Regarding the dynamic simulation and experiment of chain assembly in the AFC, plenty of
scholars have conducted significant and thorough studies. Schaefer [7] established mutual
movement theory of chain and sprocket wheel, and indicated that the deformation of rings on
a chain can influence the meshing condition between the chain and sprocket wheels. However,
the research of Schaefer was theoretical, and the established models remained unverified by
experiments or dynamic simulations. Świder et al. [8] conducted numerical simulations and
analysed uneven load properties of the AFC. The co-simulation method using multi-body
systems with MATLAB Simulink was proven to be useful in determining dynamic properties
under different statuses, but the dynamic properties were indirectly reflected by the current
signal. Morro and Benati [9] investigated flexible chain systems and established a model with
a number of degrees of freedom to describe the rotation and flexibility of the chain system.
Their research helped establish the explicit dynamic equations for well-defined geometrical
parameters. However, if the geometrical parameters were not well provided, then the model
was inapplicable. Kreimer [10] investigated the chain conveyors of loaders and indicated that
the service life of chain assembly in the AFC was short under complex working conditions.
Dynamic loads were attributed to the oscillation of the driving head, and oscillation is an
important characteristic of the AFC. Suweken and Van Horssen [11] considered the weakly
nonlinear transversal vibrations of a conveyor belt. Based on the approach of Kirchhoff, they
derived a single motion equation from a coupled system to describe the longitudinal and
transversal vibrations of the belt. Conveyor belt studies were significant for the chain
conveyor.
Furthermore, Jiao et al. [12] used MSC.ADAMS software to perform simulations under
different working conditions to determine the dynamic characteristics of chain assembly in
the AFC, and investigated the maximum contact force and its corresponding position. The
proposed method provided a reference for finite element analysis and structural optimization.
Their research was significant; however, they did not perform stress and strain analysis. He et
al. [13] analysed the longitudinal dynamic behaviour of chain assembly in the AFC using the
Abaqus software. Dynamic simulations under full-load start-up and chain jam were
performed, and the dynamic tension and velocity of the chain were determined. However,
their research did not involve flexible or rigid-flexible simulations. Thus, the results of rigid
simulations were inaccurate to some extent. Luo [14] conducted fatigue failure analysis of the
round link chain in the AFC and concluded that the inner side of the ring between curved and
cylindrical sections was in tensile stress status under pure tensile conditions. This weak point
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was partly caused by the chain vibrations. Moreover, this result could provide a reference for
one specification of the chain. However, for other specifications, the proposed method was
inapplicable. Wu et al. [15] presented a novel conveyor with actuated parallel manipulators
and proposed a method to determine the maximum dynamic load-carrying capacity of the
conveyor. However, this method was only from kinematic, not dynamic perspective; stress
and strain information was not obtained.
The abovementioned achievements indicate that most studies on simulation approaches
are incomplete and scholars tend to perform rigid, not flexible or rigid–flexible simulations, to
determine the dynamic properties of the chain assembly in the AFC. Meanwhile, contact
problems in the chain assembly simultaneously exist between horizontal and vertical rings,
between rings and sprocket wheels, and between rings and chutes. With regard to this chain
system, a multi-body dynamic contact analysis is efficient and helpful to describe the complex
vibration behaviour during different working conditions [16, 17]. Therefore, theoretical
analysis of contact force in the chain assembly is conducted in this study. Rigid and rigid–
flexible coupling models are respectively constructed to perform dynamic simulations under
full-, half-, and empty load conditions in the ADAMS software. The contact force curves of
the horizontal and vertical rings under different working conditions are obtained and analysed
to thoroughly investigate the dynamic properties of the chain assembly.
The remainder of this study is organized as follows. Section 3 establishes the 3D model of
the chain assembly, describes the mathematical equation model of rings, and performs a
theoretical analysis of contact force between horizontal and vertical rings and between
sprocket wheel and ring. Section 4 presents the simulation results for full-, half-, and empty
load conditions using rigid and rigid-flexible coupling methods. Section 5 summarizes the
conclusions.

3. METHODOLOGY
3.1 Modelling of chain assembly in the AFC
The type SGZ1000/1400 AFC is used to conduct the analysis. The chain assembly in the AFC
comprises many horizontal and vertical rings, and two sprocket wheels. The horizontal and
vertical rings are individually connected. A horizontal ring is processed by welding
technology with a circle section. Meanwhile, a vertical ring is processed by forging
technology with a non-circular section. The contact area between the chute and the vertical
ring is usually forged as a plane to enhance the wear performance and smoothness of the
vertical ring when moving in the chute. For modelling convenience, the section of a
horizontal ring must be equivalent to a circle. The sprocket wheel model with seven teeth is
created according to standards.

a) Horizontal ring

b) Vertical ring

c) Sprocket wheel

Figure 1: Models of the rings and sprocket wheel.

Figs. 1 a-c show the models of the horizontal and vertical rings and a sprocket wheel in the
chain assembly, which are respectively established using the SolidWorks software. Fig. 2
shows the 3D model of the type SGZ1000/1400 AFC. Compared with real conveyor, the
established SGZ1000/1400 model in this study is shortened and simplified to ensure an
efficient analysis.
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Figure 2: Chain assembly model of the type SGZ1000/1400 AFC.

3.2 Theoretical analysis of contact force between horizontal and vertical rings
Fig. 3 shows the knot geometry of a ring, which consists of two semicircle rings and two
cylinders. A Cartesian coordinate system is also established at the centre of the ring. The
spatial mathematical equation can be obtained as below in (1).

Figure 3: Force and geometry of a ring knot in the chain assembly.
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where, x, y, and z are coordinates of a point on the ring; r and R are the outer and middle radii
of the semicircle ring, respectively; a is the inner diameter of the semicircle ring; l is the halflength of the cylinder; and t is the total inner length of a ring. A chain comprises numerous
horizontal and vertical rings that are individually connected. If the set contact point between a
horizontal and vertical ring is the coordinate origin, then the equations of a pair of contact
semicircle rings can be established according to Eqs. (2) and (3), as follows.
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The type of contact between horizontal and vertical rings is called an elastic contact, and
no rigid movement occurs between horizontal and vertical rings. Thus, force distribution and
pressure on the contact point can be calculated by Hertz contact theory. Given that the curved
section geometry of a horizontal ring is strictly the same as that of a vertical ring, distributions
of contact force and pressure are significantly symmetrical along the y- and z-axes. The
contact problem between horizontal and vertical rings can then be converted to a contact
problem between a neutral plane and a semicircle ring. The equation of the curved section of a
horizontal ring can be expressed as follows.
x  r 2  y 2  z 2  R 2  2R r 2  z 2

(4)
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where F  y, z  is the function of x. According to the Taylor formula, F  y, z  can be expanded
to the second order. Given that F(0, 0) = 0 and
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Based on the assumption that   2r r and   2R  r  , the previous equation can be
simplified as follows.
y2 z2
x

(7)
α
β
This equation represents an ellipse with its vertex in (0, 0), where the contact area is also
an ellipse. According to Hertz theory and contact mechanics [18], the maximum stress in the
contact area is ε0 max , which is expressed as follows.

ε0 max 

where, F is the contact force between two rings; ρ1 and ρ2 denote the radius of curvature of
the two rings; E1 and E2 are the elastic moduli; B is the length of the contact line; and μ1 and
μ2 are the Poisson’s ratios.
According to the previous equation, the contact stress distribution in the contact areas can
be expressed as follows.

ε y,z   ε0 max

 y2 z2 
1    
β
 α
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When a ring moves in the chute, the elastic strain will be produced by the pull of the
nearby rings. The stress distribution status of a ring at this time can be obtained as follows:
the outer areas of two semicircle rings endure the pull force, whereas the inner areas endure
compression and shear forces; the outer areas of cylinders are compressed, whereas the inner
areas of cylinders are expanded. The stress concentration position lies inside the curved
section.
3.3 Theoretical analysis of contact force between sprocket wheel and ring
In the chain assembly of the AFC, the dynamic relationship between the chain sprocket wheel
and the ring is actually a contact mechanics problem between the horizontal ring and sprocket
wheel given that the vertical ring does not come in contact with the sprocket wheel. Relative
sliding occurs during the meshing process between the horizontal ring and sprocket wheel
nest; meanwhile, elastic deformation occurs. Therefore, the contact force timely changes
during the rotation of the sprocket wheel.
The nonlinear elastic deformation relationship between the horizontal ring and sprocket
wheel nest can be described by Hertz contact theory. Based on the assumption that the
curvature radii of the contact point of the horizontal ring and sprocket wheel nest are Rh1, Rh2,
Rl1, and Rl2, the following equations can be derived:
1 1
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where Σ is the sum of curvature radii, and F()is the curvature radii difference.
According to Hertz contact theory, the relationship between Hertz contact force and
elastic deformation along the normal line of contact point between ring and sprocket wheel
can be expressed as follows:
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where  is elastic deformation; FC is Hertz contact force; KC is contact stiffness coefficient;
and  * is the function of F   . Therefore, the nonlinear normal contact Fn force between the
ring and sprocket wheel can be expressed as follows:
 nij ij m1 ij m2
ij
Fn  K C    n ,0,0,  max , cmax
 n   n
(13)
 nij





 

where  nij is the relative displacement along the normal direction of the contact point;  nij is
the normal relative velocity; δmax is the maximum contact elastic deformation; m1 and m2 are
the nonlinear relationship and damp correction index, respectively; and cmax is the maximum
contact damp when the penetration value is up to δmax.
3.4 Load definitions of simulations
In a mechanized mining face, the load of the AFC changes with position of the shearer.
Therefore, three condition representatives, that is, full-, half-, and empty loads are selected to
simulate the dynamic properties of the chain assembly. The material density of scrapers and
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friction coefficient between scrapers and chutes are determined to simulate different working
conditions and achieve the dynamic properties of chain assembly.
(1) Full-load condition
The static calculation of the type SGZ1000/1400 AFC shows that its linear density under
full-load condition is 0.42 t/m. The full length of the type SGZ1000/1400 AFC is more than
200 m, which is harmful and unnecessary for the simulation. Therefore, the model length is
shortened to ensure an efficient simulation. After the simplification, the density of each
scraper should be adjusted to 1.51  105 kg/m3. The friction coefficients between scraper and
plate/backplane must be defined to simulate the different resistances of the load and non-load
sides.
(2) Half-load condition
When the shearer moves to the middle position of the AFC, the AFC is under its half-load
condition. Furthermore, its linear density of the AFC is still 0.42 t/m, whereas its transmission
length is shortened to half. Therefore, the density of each scraper should be adjusted to
0.86  105 kg/m3.
(3) Empty load condition
When the shearer moves to the head position of the AFC, the transmission length is
shortened, and the AFC is under its empty load condition. At this time, the density of each
scraper should be adjusted to 0.177  105 kg/m3.
The ADAMS software is used to perform the contact simulation. The simulation time is
set to 2 s, with each step equivalent to 0.004 s. Given that contact simulation is strictly
nonlinear and discontinuous, G-stiff is selected as the solution integrator type, whereas I3 is
selected as the formulation type. Integration error is set to 0.01. These measures can ensure
the efficiency and stability of contact simulation. For the remaining parameters, such as
maximum iteration and correction type, their default settings are used. With these settings,
simulations under different conditions are conducted to obtain the contact dynamic properties
of the chain assembly.

4. RESULT ANALYSIS AND DISCUSSION
4.1 Rigid simulation analysis under full-load condition
In a rigid dynamic simulation, the contact force is an important element used to describe the
dynamic properties of the chain assembly. Contact force curves change with time under a fullload condition can be directly obtained by the PostProcessor in the ADAMS software. The
filtering operation is then performed to eliminate interferences.

Figure 4: Curves of contact force between horizontal
rings and head sprocket wheel’s nest under
a full-load condition.
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Figure 5: Curves of contact force between
horizontal rings and tail sprocket
wheel’s nest under a full-load condition.
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The contact force curves between horizontal rings and the nest of head sprocket wheel are
presented in Fig. 4. The curves indicate that during the rotation of horizontal rings around the
sprocket wheel, the contact force on a horizontal ring increases first. The contact force then
reaches its maximum when its subsequent near-horizontal ring starts to mesh with the head
sprocket wheel when the value is approximately 300 kN. After rotating on one tooth, the
contact force value then decreases and maintains a value of 100 kN. With the rotation of the
sprocket wheel, the value continues to decrease. When the horizontal ring separates from the
mesh with the head sprocket wheel, the contact force then decreases to 0 kN. The contact
force curves of the horizontal rings with the sprocket wheel evidently appear periodically.
Fig. 5 shows the contact force curves between horizontal rings and the nest of tail sprocket
wheel. This figure also shows that the trend of the tail contact force curve is evidently distinct
from that of the head. The maximum contact force on the horizontal ring is 185 kN, which
then decreases to 0 kN. This decrease is caused by the minimum tension between the chain
rings in its tail part. Considering the head sprocket wheel, if tension exists between tail rings,
then the contact force is concluded to decrease to a nonzero value and is maintained for a
certain time. The value will then decrease to 0 kN. Therefore, tension plays a significant role
in the contact force between rings and sprocket wheel. Adjusting the contact force becomes
possible by adjusting the tension between tail and sprocket wheel.

Figure 6: Curve of the contact force between horizontal and vertical rings under full-load condition.

The curve of the contact force between horizontal and vertical rings during the simulation
is illustrated in Fig. 6. Given that the chain is loose, the contact force value remains at 0 kN.
With the rotation of the sprocket wheel, the chain becomes tensile, and the contact force
increases to approximately 300 kN. This value is maintained for approximately 0.75 s. As the
ring starts to separate from the sprocket wheel, the contact force decreases and maintains a
value of approximately 120 kN, wherein the rings are in a state of return strike. The contact
force value maintains a value of approximately 120 kN afterward due to the tension between
horizontal and vertical rings.
4.2 Rigid simulation analysis under half-load condition
The load parameters are modified to conduct the simulation under half-load condition. After
the filtering operation, the contact force curves of the head and tail are obtained, as shown in
Figs. 7 and 8.
Figs. 7 and 8 show that the trends of the contact force curves of the head and sprocket
wheel under half-load condition are similar to those under the full-load condition, as shown in
Figs. 4 and 5. The differences lie in the maximum force values. The maximum contact force
in the head sprocket wheel is approximately 170 kN, whereas the maximum contact force in
the tail sprocket wheel is approximately 120 kN.
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Figure 7: Curves of contact force between
horizontal rings and head sprocket wheel
nest under half-load condition.

Figure 8: Curves of contact force between
horizontal rings and tail sprocket
wheel nest under half-load condition.

4.3 Rigid simulation analysis under empty load condition
A simulation under empty load condition is similarly performed, and the curves of contact
force are also obtained. Given no significant difference between contact force of the head and
sprocket wheels under this condition, only the contact force curve of the head sprocket wheel
is obtained, as shown in Fig. 9.
The curves of the contact force between horizontal and vertical rings under empty load
condition are illustrated in Fig. 10. Figs. 9 and 10 show that the maximum contact force
between the horizontal ring and head sprocket wheel is measured at 38 kN, while the
maximum contact force between horizontal and vertical rings is measured at 43 kN. Under
this condition, when a horizontal ring starts to rotate around the sprocket wheel, a relative
rotation between horizontal and near-vertical rings occurs. During this process, the velocity of
the sprocket wheel changes into kinetic energy of the horizontal ring, thereby increasing the
contact force between rings. After the horizontal ring separates from the sprocket wheel, the
contact force decreases and maintains stability.

Figure 9: Curves of contact force between
horizontal rings and head sprocket wheel
nest under empty load condition.

Figure 10: Curves of contact force between
horizontal and vertical rings under
empty load condition.

4.4 Multi-body rigid-flexible coupling dynamic simulation analysis of chain assembly
In the above subsections, all the rings and sprocket wheels are regarded as rigid bodies when
performing multi-body dynamic simulations. The deformations of all parts during the
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simulation, which do not show stress and strain, are ignored [19]. The yield stress of a ring is
less than that of a sprocket wheel, and contact areas are usually small. This phenomenon can
influence the accuracy of multi-body simulations. Therefore, a rigid-flexible dynamic
simulation, that is, the primary parts are regarded as flexible bodies whereas the secondary
parts are regarded as rigid bodies, is essential [20]. This simulation is significant in increasing
the accuracy and efficiency of the simulation.
In this study, the AutoFlex Module in the ADAMS software is used for the discrete
analysis of one horizontal ring and two vertical rings by the finite element method. Rigid parts
of the three rings will be replaced by flexible parts, while other parts in the chain assembly
remain as rigid bodies. The rigid-flexible coupling model is shown in Fig. 11. One horizontal
ring (#21) and two vertical rings (#20 and #22) are flexible bodies, whereas the other rings
and the sprocket wheel are rigid bodies.

Figure 11: Rigid-flexible coupling model of the chain assembly.

In rigid-flexible coupling analysis, boundaries are similar to those in rigid simulations.
Furthermore, the contact type between flexible horizontal and vertical rings should be notably
set as “flex body to flex body” in the ADAMS software, whereas the contact type between
flexible horizontal rings and rigid vertical rings/sprocket wheel should be set as “flex body to
solid”.
The von Mises stress of the rings changes with time, as shown in Fig. 12. The maximum
stress of a horizontal ring is larger than that of a vertical ring because vertical ring geometry
optimization decreases the stress concentration. These results coincide with real-life practice,
wherein the conditions of a horizontal ring are worse than those of a vertical ring.

Figure 12: Curves of maximum stress on rings #20, #21, and #22 with time.
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The velocities in the X- and Y-directions of a flexible horizontal ring (#21) and those of a
rigid horizontal ring (#16) in rigid simulations are shown in Figs. 13 and 14, respectively, to
further investigate the vibration and shock properties of the chain assembly. Figs. 13 and 14
respectively show that the horizontal ring separates from the sprocket wheel and the velocities
in the X- and Y-directions severely vibrate when the time is 1.5 s. By comparison, the results
of rigid-flexible simulations are more accurate and reliable than those of rigid simulations.
During the rotation time of the horizontal ring around the sprocket wheel, velocity fluctuation
is smoothened. However, velocity in the Y-direction severely vibrates during translational
movement. This phenomenon can be attributed to two reasons: the horizontal ring is
unsupported by the chute, and the polygon affects the chain assembly. Furthermore, velocity
fluctuation causes deformations, which result in evident vibration and a larger amplitude in a
flexible ring than that in a rigid ring. Therefore, rigid-flexible simulations should be selected
first for dynamic properties of chain assembly in the AFC.

Figure 13: Velocities in the X- and Y-directions
in the flexible horizontal ring #21
(rigid-flexible simulation).

Figure 14: Velocities in the X- and Y-directions
in the rigid horizontal ring #16 (rigid
simulation).

5. CONCLUSION
The chain assembly model of an AFC was established, and multi-body rigid and rigid-flexible
coupling simulations of the chain assembly were performed in the ADAMS software to
determine its dynamic properties under different operating conditions. Results of rigid and
rigid–flexible coupling simulations were analysed and compared. The following conclusions
are drawn.
(1) In multi-body rigid simulations, the contact force trend is similar under full- and halfload conditions. However, the maximum contact force is different under these two load
conditions. Under the empty load condition, the vibration properties are obviously different
from those under full- and half-load conditions.
(2) When the horizontal ring starts to rotate around the sprocket wheel, the relative
rotation between the horizontal and the near-vertical rings has significant influences on the
vibration properties of the chain assembly.
(3) In multi-body rigid-flexible dynamic simulation, the maximum stress of a horizontal
ring is larger than that of a vertical ring because vertical ring geometry optimization decreases
the stress concentration.
(4) The maximum velocity of the horizontal ring by rigid-flexible coupling simulation is
3.0 m/s, which is close to the actual velocity data obtained through observation and is 71.4 %
larger than the maximum velocity (1.75 m/s) of the horizontal ring by rigid simulation. This
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finding indicates that the results of rigid-flexible simulations are more accurate and reliable
than those of rigid simulations.
The proposed rigid-flexible coupling simulation method is proven to be efficient and
feasible. Researches in this study provide references for structural optimization and vibration
analysis of chain assembly in an AFC. Compared with a full rigid simulation, the rigidflexible coupling simulation should be preferentially used when performing multi-body
dynamic simulations. However, limited by the current hardware condition, a full flexible
simulation can produce massive element data, which involves a considerable amount of
calculation time. Therefore, a full flexible simulation with appropriate simplification should
be performed to obtain accurate results and improve the calculation efficiency.
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