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Impact of the method of suspension and route stabilization of suspended monorail on forces 
loading the roadway roof support system is presented. This is important in the context of 
possible increasing the speed of monorails during personnel movement. Nature of load and 
displacement of the route, as well as deceleration of the transport set, with a dynamic excita-
tion -  an emergency braking of the transport set, are presented. The results are presented for 
seven configurations of slings and lashings stabilizing the route. The Head Injury Criterion 
(HIC), recorded using the Articulated Total Body (HYBRID III) model, during the impact of 
operator's cabin against an obstacle, is presented in the further part of the article. Analyzes 
are aimed at developing the guidelines to ensure safety of mining personnel (without ex-
ceeding the accepted overloads) and mining infrastructure (without exceeding the maximum 
accepted load of the roadway support) during operation of the suspended monorail at higher 
speed. Analyzes are the result of the authors numerical simulations.
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1. Introduction
Mine transport is an indispensable link in the mining process of any 

mining plant. While floor transport has been used since the beginning 
of mining development, and mine tracks appeared in the 17th century, 
the use of suspended transport started only in the middle of the 20th 
century [13]. The suspended monorails quickly became widely used 
underground mean of transport. The development of self-driven sus-
pended monorails resulted in an increase in the load-bearing capacity 
and strength of rails and transport sets, as well as an increase in trac-
tive force, compared to suspended cable-driven suspended monorails 
[12, 13]. Intensive development of suspended monorails is still ob-
served today. This is proved by R&D work in development of electri-
cally powered monorails [9, 13], mechanical modifications, including 
the possibility of travelling at higher speed or improving the comfort 
of travelling [21, 24]. The changes also involve introduction of inno-
vative mechatronic solutions in monorails [1, 6, 22]. Along with the 
development of suspended monorails, the development of monorail 
routes and the methods of their suspension and stabilization gradu-

ally advanced. In self-driven monorails, their routes were standard-
ized. Currently the most frequently used rails are those with the I155 
profile, less often with the I140V profile. One of the “tasks” of the 
suspended monorail system is to transfer the loads, resulting from the 
weight of monorail unit and its movement, to the roadway roof sup-
port or directly to the rock mass, thus slings and lashings are used. The 
rails in the roadway are suspended on various types of slings, which, 
depending on the structure, can be loaded with a maximum force of 
40 kN [20]. Depending on the length of rails and the configuration of 
slings and lashings, this force is transferred in different ways to the 
arches of yielding roadway roof support, which protects the transport 
routes against falling rocks. Moreover, to ensure stability, a suspended 
route must always be stabilized at the turns and the dips. It is recom-
mended to stabilize straight sections, if necessary, at least at every 100 
meters. Proper stabilization of the suspended route enables transfer-
ring the forces from the moving suspended monorail unit in the lon-
gitudinal and transverse directions. This often takes place on inclined 
routes, when dynamic forces dominate. Emergency braking of a trans-
port set, during which the actuating system of brakes is activated in 
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the shortest possible time is an example. This causes deceleration af-
fecting operator and moved personnel, but also dynamic overloads in 
connectors, slings and lashings stabilizing the route of the suspended 
monorail. These situations may lead to damage, such as: deformation 
of rails, loss of the route continuity (splitting rails at joints) or break-
ing the slings. In turn, the above-mentioned damage may cause an 
accident. The probability of hazardous situations and their possible 
effects increase with the increase in the travel speed of a suspended 
monorail. According to legal regulations in the Polish hard coal mines 
[20], the maximum acceptable speed of a suspended monorail during 
the personnel movement is 2 m/s. Due to the systematically increasing 
length of the routes to the newly opened mining fields, the time need-
ed for miners to travel to the workplace is also longer. This reduces 
availability of the mining personnel at workplaces and shortens the 
effective working time. This happens due to depletion of deposits in 
close proximity to the shafts where coal is transported to the surface. 
This affects the financial results of companies in the mining industry. 
Shortening the travel time of personnel to the longwall panel, e.g. by 
increasing the acceptable speed of the suspended monorail is the solu-
tion. The benefits of shortening the travel time to the workplace are 
presented in [32]. Reducing the travel time to the longwall face by 15 
minutes and by 30 minutes on the way back for each shift at the IM-
BAT MIOMNIG Co. Manisa coal mine in Eynez, Turkey, resulted in 
an increase in mining capacity by 1,606.95 tons per day as mentioned 
in that article. In the cited example, shortening of the time to reach 
the workplace was associated with the use of a belt conveyor adapted 
to personnel movement. Therefore, increasing the maximum accept-
able speed of suspended monorails is justified from an economic point 
of view. However, apart from economic benefits, another extremely 
important aspect should be ensured – safety of the moved personnel. 
Introduction of legal changes enabling the increase of the acceptable 
speed must be preceded by development of the procedures for safe 
method of the monorail’s travel. Analyzing the impact of emergency 
braking on operator and personnel overloads [3] and assessing the 
feasibility of introducing a two-stage emergency braking system[23] 
demonstrated the impact of increasing the speed limit on safety.

Development of guidelines for designing the monorail route on the 
sections that will be passed at higher speed is one of the preparation 
stages to increase permissible speed. This aspect is very important, 
because the wrong way of suspending the monorail route may result 
in exceeding the permissible load of the roadway roof support’s arch-
es, which in extreme cases may lead to roadway damage. Such situ-
ations are particularly dangerous during dynamic loads, e.g. during 
emergency braking from higher speed. The literature on the subject 
includes the work related to the tests on the load-bearing capacity of 
the yielding roof support [4], and also related to analysis of static and 
dynamic loads on the roadway roof support related to transport by 
suspended monorails [19]. The paper [18] presents the results of re-
search work on impact of the suspended monorail speed on forces in 
the selected parts of the route. However, the project did not take into 
account the aspects related to the possibility of using different config-
urations of slings of the suspended monorail route, which, according 
to the authors, affects the forces loading the steel arches.  

The authors defined the impact of the configuration of slings and 
lashings on the forces acting on the curves of the roof support’s arch-
es as the objective of the work presented in this article. The article 
presents the difference in the load to the roadway support in relation 
to seven variants of the configuration of slings and lashings of the sus-
pended monorail route. The load to the route was created by simulating 
emergency braking from a speed of 5 m/s in a given part of the route. 
Depending on the configuration of the slings and stabilizing lashings, 
the suspended monorail route can move within a given range. During 
emergency braking, especially at higher speeds, the stopped train still 
moves forward together with the route causing acting the forces on 
the slings and roadway support, and the overloads affect the operator 
and the moved personnel. Finding the answer to the question: “How 
to arrange the slings and lashings of the suspended monorail route to 

minimize the load to the roadway roof support arches and the over-
load to the people in the monorail during emergency braking at higher 
speed (5 m/s)?” prompted the authors to conduct a series of tests, the 
results of which are presented. According to the authors, the results of 
the tests supplement the current state of knowledge on the impact of 
configuration of slings and lashings of the route on roadway support 
and at the same time are the basis for the development of guidelines 
on how to properly construct the route on the sections intended for 
high-speed suspension of the suspended monorail. 

Development of guidelines and correct configuration of slings and 
lashings of the route is only one of the aspects ensuring the safety of 
mining personnel in the operator’s and passenger cabins. Additional 
seat belts are the second aspect of the monorail safety improvement. 
Currently, both the monorail operator and passengers sitting in their 
seats do not have the possibility of using seat belts or other measures 
to protect them from being injured in emergency situations, such as 
emergency braking or a collision with a stationary obstacle on the 
track. The introduction of seat belts is one of the ideas of protecting 
the personnel in monorails travelling at higher speeds. This aspect 
was the subject of further research work of the authors. Its aim was 
to determine the HIC describing the probability of suffering a se-
vere or fatal head injury. The operator’s cabin was tested. The virtual 
HYBRID III dummy was used during these numerical simulations. 
HYBRID III dummies are specially designed for crash tests in the 
automotive industry [8]. These dummies were designed in such a way 
as to recreate behavior of the human body during traffic accidents [2]. 
For each part of the dummy (body part), appropriate masses, moments 
of inertia and the stiffness of connections between them were defined, 
which corresponded to the stiffness of the joints and the muscle ten-
sion. An example of the use of dummies in safety tests in the automo-
tive industry is analysis of the impact of velocity on the risk of injury 
in relation to the driver and passenger of a passenger car, presented in 
[33]. Other example of the aforementioned analyzes are the analyzes 
presented in [17] concerning the impact of position of a person in a 
car on the risk of injury during a road accident. Another example of 
the use of dummies is analysis of the impact of car seat vibrations 
on the comfort of a child traveling in a car, which was presented in 
[30]. Along with the development of computer techniques and the de-
velopment of numerical computational methods, a numerical dummy 
model was developed, which is used for virtual crash tests and simula-
tions aimed at analyzing the safety of a driver and passengers in new 
automotive solutions. 

Simulations with the use of HYBRID III dummies models were 
also carried out in relation to mining machines used in hard coal 
mines. The article [28] presents the structure and the method of defin-
ing the dummy model, as well as an example of a simulation in which 
the HYBRID III dummy model was used during the analyzes of the 
floor railway operator’s cabin. As regards the use of suspended mono-
rails, the HYBRID III dummy model was used to identify hazards 
and to assess their effects in the event of emergency braking from  
2 m/s and 4 m/s in relation to passengers traveling in one of the types 
of passenger cabins [27]. This article presents the results of the simu-
lation of an impact of a monorail traveling at a speed of 5 m/s against 
a stationary obstacle, with the operator wearing seat belts or without 
the seat belts. The objective of these research work was to demon-
strate the necessity to introduce seat belts as the basic and necessary 
equipment for the operator’s cabin of monorails traveling at a speed of  
5 m/s. Due to the justified efforts to increase the permissible speed of 
the suspended monorail, it is necessary to ensure the safety and com-
fort of the personnel movement while transporting people. Safety in 
this aspect relates both to the safety of people as well as to the safety 
of machines, equipment and mining infrastructure. 

Developing the guidelines which determine changes in legal regu-
lations and allow the personnel movement at higher speed in a safe 
way, even in the event of an emergency is a responsible and difficult 
task. Results of the research work presented by the authors constitute 
recommendations on how to configure the slings and lashings of the 



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol. 24, No. 4, 2022 619

route to minimize the roadway support load and overloads affecting 
people in the monorail in emergency situations. Ensuring these rec-
ommendations will contribute to the reliable and safe operation of 
suspended monorails, even at higher speeds. On the other hand, the 
introduction of additional components, such as seat belts, in danger-
ous situations, will allow to minimize injuries sustained by people 
traveling on the monorail, as indicated by the HIC parameter, calcu-
lated in the simulations.

2. Computational models of the suspended monorail 
and its route

Measurement of forces acting on the slings of suspended mono-
rail route requires installation of dedicated sensors in the monitored 
slings. Both due to the cost and the capabilities of the measur-
ing equipment, the number of sensors that record the forces acting 
on slings is limited. conditions in which suspended monorails are 
used are the additional difficulty during this type of research work.  
The greatest limitations related to tests in in-situ conditions include the 
fact that the measuring equipment must meet the requirements of the 
ATEX directive to be used in underground mine workings. Safety re-
quirements are another aspect that limits in-situ testing. It is often dif-
ficult to find a sufficient amount of space for the installation of meas-
uring equipment on transport routes in hard coal mines. When testing 
the monorails under the operating conditions, all legal restrictions 
related to the movement of suspended monorails, including the speed 
limits for these monorails, must be met. This means that it is formally 
impossible to carry out driving tests at a speed 5 m/s in real conditions.  
In addition, in accordance with the regulations governing the traffic of 
monorails in mining plants, each time when emergency braking trol-
ley is activated, it is necessary to inspect it, which generates additional 
costs of tests in real conditions. Testing and measuring the forces in 
the selected slings on a real object is easier using a special test stand. 
Such a stand was built under the INESI project [5]. At the stand, while 
maintaining appropriate safety measures, meeting the regulations re-
quired in underground mine are not necessary, and the test equipment 
does not have to meet the stringent requirements related to the ATEX 
directive. The stand built for the project was used to test a new type of 
4 m elongated and reinforced rails (Fig. 1). The stand also has dedi-
cated sensors for recording the force acting on the slings of the route. 
On the test stand, emergency braking was tested at a speed of 5 m/s, 
during which the forces acting on the slings of the route were record-
ed. However, for economic reasons, it was not possible to modify the 
method of suspending the monorail route at the stand and recording 
the forces acting on the slings, using a different method of stabiliz-
ing the rails. According to the authors, the method of suspension and 
stabilization of the rails has an impact on the forces acting on the 
slings in the case of dynamic excitations, such as emergency braking. 
Taking into account the limitations, the authors decided to develop a 
computational model of the suspended monorail and its route, which 
corresponded to the configuration on the test stand.

The model of suspended monorail consisted of an operator cabin, 
machinery part, two gear drives, passenger cabin and emergency brak-
ing trolley. The model of the monorail route consisted of 23 straight 
rails, each 4 m long. The rails were placed horizontally, and to sus-
pend them, slings in the configuration from the test stand were used. 
The created computational model was validated. Emergency braking 
from a speed of 5 m/s with the boundary conditions consistent with 
those on the test stand, was simulated. Validation process consisted 
in comparing the results of the measurements from the test stand and 
those of numerical simulations, and then by fine-tuning the computa-
tional model. The following parameters were analyzed in the valida-
tion process: 

acceleration, recorded in the operator cabin and in the passenger • 
cabin (the difference in the maximum acceleration calculated by 
numerical method and that recorded on the test stand was 6.6% 
on average),
 effective value of vibrations (RMS), recorded in the operator cab-• 
in and in the passenger cabin (the difference in the effective value 
recorded on the test stand and calculated by numerical simulations 
was on average 10%),
forces acting on the selected slings of the monorail route (the dif-• 
ference in maximum force in the selected sling, calculated nu-
merically in relation to values recorded on the test stand, was on 
average 9%).

The detailed method of validation of the computational model and 
the results are included in the following sources: acceleration acting 
on the operator [3]; forces in route suspensions [25]; RMS accelera-
tion [5].

After validation of the suspended monorail model, to assess the 
impact of configuration of the slings and the route stabilizing lashings 
on forces transmitted through the slings to the roof support frame, the 
method of suspending the route in the model was modified by defin-
ing seven variants of the computational model. Configuration of the 
slings on the test stand was marked as variant 6. Each variant of the 
monorail route suspension differed in the arrangement of the slings 
located directly above the rail connections and the presence and loca-
tion of side lashings. Tension of the side chains was adjusted with a 
turnbuckle. Another, more advanced solution is the use of a yield-
ing lashings of a specific stiffness, their changes in length under the 
impact of dynamic loads, reduce the peaks of the force loading the 
sling and the roadway roof support. This solution is definitely more 
expensive. However, to analyze the impact of using such an element 
in the lashing in variants 3 and 5, an elastic-damping element with the 
characteristics corresponding to available industrial solutions was in-
troduced to the side lashings. Each variant of the suspended monorail 
route model is characterized by the following features:

Variant 1 – rails are suspended on straight slings, perpendicular • 
to the monorail route. It is the easiest option to install and at the 
same time the cheapest because it requires the least amount of 
chain for slings. Difficulties occur with the irregular pitch of the 
roadway roof support. A section of the route in variant 1 is shown 
in Fig. 2.

Variant 2 – this variant complements vari-• 
ant 1 with side lashings, added to the rail No. 2 
(in the initial area of the route – braking will 
take place after the lashing). These lashings 
are inclined from the horizontal upwards by an 
angle of 10° and have constant length, Fig. 3.  
The purpose of this variant is to limit the pos-
sibility of the route moving along the monorail 
axis. At the same time, the forces acting on the 
lashings during emergency braking were re-
corded. 

Variant 3 – both the location of the route • 
slings and the lashings were consistent with the 

Fig. 1. View of the reinforced rail and double sling coupler built on a route intended for high-
speeds [5]
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variant 2. The difference was the yielding of the lashings mounted 
on the rail 2 by introducing an elastic-damping element, enabling 
the lashings to be extended under the impact of external force. 
The modulus of elasticity in relation to the side lashings was  
6.66 x 106 N/m. The purpose of this variant was to compare the 
forces and decelerations during emergency braking in relation to 
the configuration with fixed-length lashings (variant 2).
Variant 4 – additional side lashings, installed on rails 10 and 22, • 
were added to the calculation model of the suspended monorail 
route. The lashings were mounted in the same manner as in the 
previous variants (10° angle from the horizontal), Fig. 4. To iden-
tify differences in the load to the lashing located at the beginning 
of the route (rail No. 2), in the area of emergency braking (rail 

No. 10), and located at the end of the route (rail  
No. 22) additional slings were added. In addi-
tion, the changes in the nature of the route dis-
placement were compared.

Variant 5 – side lashings were modified (in-• 
stalled as in variant 4) by yielding. Spring el-
ements were used with the same properties as 
in variant 3. The purpose of this variant was to 
compare the forces and decelerations during 
emergency braking in relation to the configura-
tion with fixed-length lashings (variant 4). The 
results of this simulation may constitute an ar-
gument for the use of more expensive technical 
solutions in selected regions.

Variant 6 – the computational model in-• 
cludes straight (perpendicular to the rails) and 
oblique slings placed alternately. Oblique slings 
were inclined at an angle of 45°; one in the di-
rection of the monorail movement and the other 
in the opposite direction. This way of construct-
ing the route was used on the test route in the 
INESI project [5], Fig. 5. This variant was used 
to validate the computational model of the sus-
pended monorail.

Variant 7 – all slings of the rails of the com-• 
putational model are inclined at an angle of 45° 
in relation to the monorail route. In each pair 
of slings, one was deflected in the direction of 
the monorail movement and the other in the op-
posite direction, Fig. 6. The purpose of this vari-
ant is to compare the route displacement and 
the forces acting on the slings, in relation to the 
variants with side lashings.  

The developed variants of the method of sus-
pending the route of monorail enabled identify-
ing the impact of method of suspending the route 
on load to the slings, and then further propaga-
tion of the load to the arches of the roadway roof 
support. Such analyzes are important regarding 
the possibility of increasing the accepted speed 
of suspended monorails. Situations when it is 
necessary to use emergency braking from higher 
speed seem to be dangerous. Then, sudden over-
loads (load peaks) may take place and that may 
lead to breaking of the slings and the loss of sta-
bility of roadway support. In an extreme case, in 
poor technical condition, roadway supports may 
be deformed, which leads to the destruction of 
the roadway and transport route [4, 18, 19]. As-
sessment of the impact of installation method 
of suspended monorail route will increase the 
safety of mine personnel and will enable speci-
fying the guidelines for the route installation on 
the sections with increased accepted speed.

3. Numerical simulations
As part of the research work, the MultiBody System (MBS) simula-

tion method was used in numerical simulations related to the dynam-
ics of the presented model. In this method, on the basis of defined geo-
metric constraints and defined excitations, the kinematic and dynamic 
quantities during the analyzed system operation, in the discussed case 
constituting the suspended monorail assembly with its route, were 
calculated. In dynamic simulations, the initial conditions in the form 
of known positions and velocities of all bodies, as well as informa-
tion about the time processes of forces acting on the bodies, are the 
input data. Determination of motion of the MBS under the impact 

Fig. 2. A section of the suspended monorail route in variant 1, along with the suspended mono-
rail model

Fig. 3. Section of the suspended monorail route variant 2

Fig. 4. Route stabilisation in the computational model for Variant 4
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of the forces applied to it as well as the reac-
tion forces, in particular geometric constraints, 
is the result of solving the dynamics problems. 
From a mathematical point of view, to solve 
the problem of dynamics, solving the system 
of differential-algebraic equations is needed. In 
the software environment (MSC.ADAMS), the 
system of equations of motion of a mechanical 
system is formulated based on the Euler - La-
grange’s equation (1) [26, 31]: 
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where:
L – Lagrange function (2), i.e. the difference between the kinetic • 
energy T and the potential energy V of the system:
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q – vector of generalized coordinates,• 
K – number of kinematic pairs in the system,• 

D – number of guiding constraints.• 

The solution of the formulated system of 
equations results in the calculation of positions, 
velocities, accelerations of each solid, as well as 
forces and moments acting in the computational 
model. In the numerical simulations, a compu-
tational model was used, which had previously 
been validated.

The simulation was the same for all variants. 
Emergency braking was from a speed of 5 m/s. 
In each variant of the route suspension, the sus-
pended monorail was accelerated to speed of  
5 m/s. Then, for approx. 1 s, the speed was con-
stant, then emergency braking started due to the 
activation of two pairs of jaws in the brake trol-
ley. An example of the monorail speed chart is 
shown in Fig. 7. 

Until the commencement of emergency 
braking, the speed of the monorail was the same 
in all simulations. Depending on the suspension 
method, the route could move along the axis 
in the direction of the monorail movement. As 
a result of these movements, the curve in the 
speed diagram may oscillate depending on the 
route suspension variant.

4. Results of numerical simulations
In a result of the simulations, time processes of various quantities and 
parameters were obtained.

This article provides the following results:
Curve of acceleration of the transport unit during travel and 1. 
emergency braking.
Forces in the slings of the route.2. 
Displacement of rails.3. 

Ad. 1) acceleration  of the transport unit during travel and emergency 
braking.

Acceleration and in particular the deceleration, affects other pa-
rameters, i.e. the forces in the route suspensions and the route dis-
placements. The greatest changes in the acceleration of the transport 
set may occur in a situation other than typical operating conditions,  
e.g. impact loading due to rockfall, hitting an obstacle or (most of-
ten) during emergency braking. In the case of dangerous situation 
emergency braking starts [14]. Although, according to Annex 4 to the 
Regulation [20], the deceleration cannot exceed 10 m/s2, emergency 
operation of the braking system results in dynamic overloads, affect-
ing both the suspended route, the frame of roadway support, and most 
of all everything on the operator and passengers of the suspended 

Fig. 5. View of the suspended route in variant 6

Fig. 7. The course of travel speed of suspended monorail unit in the MBS simulation

Fig. 6. Route suspensions in the computational model in Variant 7
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Variant Acceleration

1.

2.

3.

4.

5.
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monorail. Fig. 8 shows the acceleration curves of the transport set in 
each simulation variant. Maximum and minimum accelerations for 
each of the analysed variants are shown in Fig. 9.

The highest deceleration acting on the monorail operator during 
emergency braking was recorded for variants 4 and 5 – the variants in 
which 3 side lashings stabilizing the route were defined. On the other 
hand, the smallest decelerations affecting the operator during emer-
gency braking were recorded for variants 2 and 3, in which one side 
lashing was used at the beginning of the route. Higher values were 
recorded in variant 7, in which all the slings were inclined, due to 
the fact that after braking the route moves further in the direction of 
monorail movement. The route was stabilized by 3 side lashings In 
variants 4 and 5. This eliminated the possibility of further movement 
of the route, what increased deceleration during emergency braking. It 
is worth mentioning that deceleration in these variants exceed the ac-
ceptable values regulated by law in the Polish mines. It is because the 
way of route installation is not proper on those route sections where 
a higher speed is allowed. On the other hand, in the case of variants 
2 and 3, during emergency braking, the route was stabilized with one 
lashing, and in variant 7, with oblique slings. Such stabilization limited 
the effect of lifting the entire transport route upwards, as in variant 1.

As a result, the decelerations acting on the operator were mini-
mized. Comparing variants 2 and 3, yielding of the side lashings 
resulted in a reduction of deceleration by approx. 11%. On the other 

hand, in the case of variants with three lashings 
(variants 4 and 5), the addition of side lashings 
resulted in a reduction of the deceleration af-
fecting the operator by about 4.5%. Comparing 
variant 3 (with one flexible side lashing) and 
variant 7 (all oblique slings), the deceleration 
affecting the operator is about 6% higher in 
variant 7. However, the advantage of variant 
7 is the faster stabilization of the route oscil-
lation after emergency braking. In the case of 
variant 3, after stopping the monorail, transport 
route forward and backward movement was 
observed, due to changes in acceleration from 
positive to negative. In the case of variant 7, 
oscillation of the route stops with the braking. 
To sum up, due to minimization of accelera-
tion acting on the suspended monorail opera-
tor during emergency braking, the most suc-
cessful route was the route with straight slings 

and one side lashing (variant 3) and the route where all slings were 
installed obliquely (variant 7).

Ad. 2) Forces in route slings
Forces in each sling were another parameter recorded during the 

simulation. Forces in relation to slings No. 11 – 22 are presented. 
The slings refer to location of transport set after it stopped (they are 
located above the transport set). Number of each sling, depending on 
variant, is shown in Fig. 10 - Fig. 12.

The maximum resultant forces acting on the slings are presented 
in Table 1. The areas marked in green mean the slings with maxi-
mum force at a low level, in most cases not exceeding 10 kN. Yellow 
and orange colours represent the average range of slings loads. The 
slings loaded with a force in the range of 10 kN – 30 kN are in this 
group. It is a load greater than in the group marked in green, how-
ever, it is accepted and does not cause any dangerous situations. The 
areas marked in red indicate slings loaded with a force of more than  
30 kN. These are the most loaded slings and special attention should 

6.

7.

Fig. 8. Acceleration curves for each variant

Fig. 9. Maximum and minimum accelerations for each of the analysed variants
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be paid to them, because in these situations the accepted values may 
be exceeded. 

Due to the stopping point of transport set, a lower load to slings 
numbers 19-22 was observed. The highest forces acting on the slings 
were recorded for pairs of slings marked as cz13 and cz14 as well 
as cz15 and cz16 in all variants. This results from the place, where 
the monorail stops during emergency braking. The heaviest compo-

nent of the set (the machinery part) is on the rail located between the 
slings cz15 and cz18. Direction of the monorail travel determines the 
direction and sense of inertia force, which loads mainly slings cz15 
and cz16. The highest force acting on the sling was recorded for the 
variant 6 in the sling cz15. Such a large value results from fact that the 
load from the mass of the machine, i.e. inertia force of this monorail 
component, and the weight of the travel route, accumulated on this 

sling. This unfavorable phenomenon takes place 
when the transport route moves forward or 
backward at such arrangement of the slings, and 
this happens during emergency braking. In such 
a situation, one (front) sling is partially relieved, 
while the other „takes” part of the first load and 
the function of route stabilization. In variant 6, 
accumulation of these loads results in exceed-
ing the maximum accepted forces loading each 
sling. A similar situation takes place in variant 7, 
in which 400 N is below the maximum accepted 
force. When analyzing the force recorded in the 
most loaded sling, it can be observed that  the 
introduction of one side lashing (variant 2) de-
creased the force in the sling cz15 by approx. 
5% compared to the variant with all straight 
slings (variant 1). On the other hand, the intro-
duction of 3 side lashings (variant 4) resulted in 
a reduction of force in the most loaded sling by 
approx. 16.8%, in relation to the variant without 
lashings (variant 1). In turn, yielding the side 
lashings resulted in a reduction  of forces in the 
most loaded sling by approx. 27.5%, comparing 
variants 1 and 3, and about 12.8% comparing 
variant 1 and 5. Analyzing the recorded forces 
in variant 6 and 7,  a significant disproportions 
in force between adjacent slings forming the 
letter “V” inclined in opposite directions can be 
observed. This disproportion may reach even 
approx. 40% as in the variant 7 and slings cz15 
and cz16. 

In variants 2, 3, 4 and 5 there were side lash-
ings stabilizing the monorail route. Fig. 13 -  
Fig. 15 show the maximum force vector compo-
nents recorded in the stabilization lashings dur-
ing the emergency braking.

The force components are in the following 
directions:

OY - in line with the direction of the mono-• 
rail movement,

Table. 1. Maximum resultant forces in slings 11-22

Variant 
number

Maximum resultant force  

cz11, N cz12, N cz13, N cz14, N cz15, N cz16, N cz17, N cz18, N cz19, N cz20, N cz21, N cz22, N

1. 22052 25741 25015 23675 31789 24582 21596 18553 7384 6079 1619 1069

2. 22227 24496 25312 24801 30205 23031 17607 18622 7164 6816 1555 1377

3. 24519 24156 23947 23188 23055 19035 16939 18035 6306 5980 1474 1050

4. 19222 20777 19905 19830 26445 21541 16879 17728 6778 8171 5339 2648

5. 21733 23721 25812 25048 27732 27118 16996 18059 5784 6122 2031 4346

6. 23998 34444 23496 23471 47472 29085 17363 17316 11932 9786 1028 1014

7. 28042 26823 29308 26103 39600 24043 27935 26671 9744 8837 1839 1471

Fig. 12. Numbers of slings in variant 7

Fig. 11. Numbers of slings in variant 6

Fig. 10. Numbers of slings in variants 1 – 5
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OZ - vertical, perpendicular to the axis of the monorail route,• 
OX - horizontal, perpendicular to the axis of the monorail route.• 

The highest values occur in the components of the forces whose 
direction is consistent with the direction of movement of the transport 

unit. Increasing the number of lashings from 1 (variant 2) to 3 (vari-
ant 4) reduces the maximum force by approx. 46.3% in relation to the  
Y axis, by approx. 73.7% in the vertical axis (Z axis) and by approx. 
3 % in the X axis. In addition, the introduction of yielding slings de-
creased the maximum forces in relation to the configuration with one 
sling by approx. 56% in the Y axis (in line with the direction of trav-
el), by approx. 45% in the vertical axis (Z axis) and by approx. 73% 
in the X axis. In relation to the configuration with three side lashings, 
their yielding resulted in a reduction of the maximum forces in these 
lashings by approx. 46% in the Y axis, by approx. 20% in the vertical 
axis (Z axis) and by approx. 60% in the X axis. Therefore, it can be 
concluded that yielding the side lashings is an effective way to re-
duce the force in them. This conclusion justifies the purchase of more 
expensive components used in yielding lashings, especially in the 
sensitive places, where the roadway roof support is in a worse techni-

cal condition or in the strategic points along the suspended monorail 
route. The recorded results show that along with introduction of three 
side lashings, “tearing up” of the rail  No. 10 was minimized. This is 
evidenced by a significant reduction in force in these lashings in the Z 

axis (vertical axis). The forces acting in the “X” 
direction have the smallest share in load to the 
stabilizing lashings, because the computational 
model covered only the straight section of the 
route where there were no external forces acting 
in this direction. The forces recorded in this axis 
resulted mainly from the deviation of the side 
lashings by an angle of 10 degrees from the ho-
rizon. Minimizing the force in the slings, which 
are transferred to the roadway roof support dur-
ing emergency braking from speed of 5 m/s is 
most effective in variant 3 or variant 5. While 
analysing the forces in the side lashings, special 
attention should be paid to the large values of 
forces recorded in the lashings in axis of the 
railway movement (Y axis).

The presented forces suggest that during 
emergency braking from a speed of 5 m/s, the 
accepted loads to the roadway roof support 
may be exceeded. An improvement was ob-
served in configurations with added side lash-
ings and with the yielding of these lashings. A 
comprehensive solution to this problem may 
be designing the proper installation of the side 
lashings, the task of which will be to distribute 
dynamic loads to several adjacent roof support 
frames. In this way, the lashings will stabilize  
the monorail route and at the same time the ac-
cepted load to each roadway support arch is not 
exceeded. 

Ad. 3) The rail further movement

In Table 2 further movement of the rail 1 and 
10, in line with OY, OZ and OX directions is 
given.

The colours given in the table show that the 
greatest further movements were in Y direction, 
i.e. in line with the travel of the transport unit 
(red and orange).

Further movements in the Z direction, i.e. ver-
tical (orange and green) were smaller and neg-
ligible ones were in the X direction (horizontal, 
perpendicular to the route axis). The largest fur-
ther movements were in the route arranged ac-
cording to variant 1 (without stabilization) and 
the maximum values mean a very large swing 
of the route, which in real conditions would not 
be acceptable (fields marked in red in Table 3). 

The introduction of one, yielding lashing reduces this value by ap-
prox. 50%, and the next two by approx. 60%. Further movements of 
approx. 180 mm during emergency braking do not pose any threats to 
the crew and passengers and at the same time they reduce the maxi-
mum force in the stabilizing lashings.

5. Analysis of the results
The cabin hitting a stationary obstacle was simulated as a part of 

the assessment of operator safetyin the case of an emergency braking 
when driving at a speed of 5 m/s. During the simulation,the Articu-
lated Total Body (ATB) of Hybrid III dummy model was used, cor-
responding to a 50 percentile male.

Based on the numerical simulation, the maximum value of the 
Head Injury Criterion (HIC) during the collision of the cabin with 

Fig. 13. Component Y of the force in lashings stabilizing the route 

Fig.  14. Component Z of the force in lashings stabilizing the route

Fig.  15. Component X of the force in lashings stabilizing the route
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an obstacle was determined. This is one of the injury criteria that has 
been established on the basis of biomechanical responses from ex-
perimental tests [7]. The HIC parameter is  a function of the time and 
deceleration during head collision with an obstacle (5). The HIC is 
expressed by the following formula [11]:

 
( ) ( ) ( )

2

1

2,5

2 1
2 1

1 t

t
HIC a t dt t t

t t

 
 = −

−  
∫  (5)

where:
a – liner acceleration (deceleration) of head centre of gravity, • 
in g,
t• 1, t2 – time of starting/ending the contact of head with an obstacle 
or time interval expressed in sec., at which HIC is maximal (di-
mensionless parameter).

Exceeding the value of 1000 of HIC means significant increase 
in the probability of a serious head injury [10, 15, 16]. In relation to 
the analysed case, two simulations were carried out - the first one, in 
which the operator sits freely in the operator cabin and has the ability 
to move around; in the second,the operator is additionally secured 
with four-point seat belts. Fig. 16 shows the operator initial position, 
which was the same in both simulations. Then the operator positions 
are shown after collision withan obstacle comparing the variant with 
fastened seat belts and without seat belts. The position ofthe operator 
is shown in 0.15 s and in 0.21 s of simulation. 

Fig. 17 shows the HIC parameter during the 
simulation of the vehicle hitting an obstacle 
whenthe operator does not have seat belts. The 
value reaches 1200, what means that there is a 
very high probability of serious or fatal head in-
jury in the result of hitting the head on the cabin 
front.

Fig. 18 shows the HIC parameters in relation 
to simulation of the operator cabin collision in 
a situation with the seat belts fastened. In this 
case, the maximum HIC parameter is about 350, 
what means a low probability of suffering severe 
or fatal head injuries. 

For interpretation of the above diagrams, the 
Abbreviated Injury Scale (AIS) for adults is 
used. In this way, it is possible to detail the HIC 
parameter impact on the damage level [16]. For 
example, when this parameter is equal to 1000, 

it means the following: 
18% probability of heavy head injury (AIS4), • 
55% probability of medium head injury (AIS3), • 
90% probability of light head injury (AIS2). • 

It is assumed that hitting the head on a non-deformable 
surface with a speed of at least 4 m / s may cause severe 
brain injuries TBI (Traumatic Brain Injury).

6.  Conclusions
MBS simulation, along with the analysis of the results, 

enables the identification and selectionof the method of 
suspending and stabilization of the monorail railway route. 
The simulations allowfor the identification of adverse phe-
nomena that may occur in emergency situations, such as 
emergency braking from higher speeds. The unfavourable 

Table. 2. Maximum further movement of the route (rails No 1 and 10) in each variant of the route 
suspension

Variant

Maximum further movement rail 1 Maximum further movement rail 10

in
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xi
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In
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s, 
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In
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s, 
m

In
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s, 
m
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 X
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xi

s, 
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1. 0.365 0.132 0.005 0.365 0.132 0.001

2. 0.133 0.084 0.001 0.129 0.017 0.001

3. 0.188 0.078 0.001 0.184 0.03 0.001

4. 0.111 0.079 0.001 0.104 0.107 0.0002

5. 0.157 0.075 0.002 0.15 0.114 0.0003

6. 0.009 0.002 0.004 0.009 0.002 0.001

7. 0.005 0.001 0.002 0.005 0.001 0.002

Fig. 16. Position of Hybrid III dummy during collision with the obstacle at speed equal to  
5 m/s: (a) simulation without safety belts, (b) simulation with the safety belts

Fig.  17. The HIC parameter when simulating an impact with an obstacle at a 
speed of 5 m/s while traveling without seat belts

Fig. 18. The HIC parameter when simulating an impact with an obstacle at a 
speed of 5 m/s while traveling with the seat belts



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol. 24, No. 4, 2022 627

phenomena include excessive further displacement ofthe route, ob-
served in variant 1. Excessive stiffening of the route (variants 6 and 7) 
is also not favourable, due to generation of high forces in the lashings 
of the route, which may result in exceedingthe acceptable load to a 
single roadway roof support frame. Use of the yielding componentsin 
the lashings enables the minimization of the forces loading the roof 
support frame, which is especially important in the case of emergency. 
Regarding the suspension options analysed in the article, variants3 
and 7 are the most advantageous regarding minimizing the overloads 
acting on the operator,and variants 3 and 5 regarding minimizing the 
forces in the slings. In turn, the smallest forces in the side lashings 
were recorded in variants 4 and 5. As it results from the analyses pre-
sented in the article, there is no one universal and best configuration 
of the suspensions of the suspended monorail route, whichin the situ-
ation of dynamic excitations would allow for the maximum minimiza-
tion of all effects of this extortion. Therefore, numerical simulations 
should be a normal practice used by designers of transport routes in 
the production preparation departments of the mining plants, especial-
ly in the case of routes intended for high-speed suspension railway, 
used for the personnel movement. An additional advantage of using 
this type of simulation at the route designing stage is the possibility 
of checking and testing many variants of the configuration of slings 
and lashings proposed by the designers. Another conclusion from the 
analyses of forces in the side lashings is the need to use components 
that allow the distribution of forces resulting from dynamic forces into 
several adjacent roof support arches. This is a valuable information 
for designers of road transport at higher speed. 

Simulations with the ATB, as well as the analyses of the results, 
indicate that the operator cabin should be equipped with additional 

passive safety elements, e.g. seat belts or headrests. These elements 
will protect the operator against severe and even fatal injuries in an 
emergency. The proposed additional equipment of the operator cabin 
significantly reduces the HIC coefficient, which should be interpret-
edas minimizing the likelihood of serious head injuries. Use of special 
numerical simulations enables both the quantitative and qualitative 
assessment of the impact of changed driving speed on the operator 
safety. Inability of this type of tests in real conditions, due to the exist-
ing regulations and ensuringthe safety of the railway operator is an 
another argument. 

Numerical analyses enable, in a safe and effective way, analysing 
the level of safety and comparing various scenarios of emergency 
situations that may happen during operation of the suspended mono-
rail. The analyses of forces in the slings, the decelerations affecting 
people traveling by the monorailand the route displacements indicate 
that movement of passengers by the suspended monorailat a speed of 
5 m/s, is possible without reducing the level of safety under condi-
tion of ensuringthe proper design and stabilization of the suspended 
route as well as introduction of additional equipment (passive safety) 
in the transport unit. The designer should select the configuration of 
the slings, so that the route does not move excessively during emer-
gencies. At the same time, care should be taken not to over stiffen the 
route, which will result in a significant increase in loads transferred to 
the frame of the roadway roof support.
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