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Abstract

Means of transport are a key point in the development of countries and the
population interconnection, so the continuous improvement of them is an
obligation and a challenge as well. The mean of transport selected for
improvement is the monorail, which serves as a single rail track to transport cargo
or passengers. In most cases, the monorail drives around suspension, but can also
drive at ground level or tunnels. The aim of this work is the analysis of the
optimisation design and technical feasibility of the traction and fixing systems of
the monorail. A comparative technical analysis of these systems has been carried
out to quantify them, assessing the strengths and weaknesses. Once the system
idea to develop and optimise is defined, basic parameters and characteristics of the
system are detailed, commercial elements are selected and a traction-fixing system
model is modelled. The traction-fixing system has also been optimised with
various loading limited conditions like static, modal and thermal analysis. FEM
with Abaqus/CAE and CAD-CAM modelling with AutoCAD have been used in
this work.

Keywords: suspended monorail, optimisation, comparative technical analysis,
design alternative, FEM, computer simulations, 3D modelling.

1 Introduction

The monorail is a mean of transport in which carriages are moved in suspension
or on a single rail structure and they are used for carrying passengers or cargo [1].
Throughout history [2], monorail systems introduced several enhancements until
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the 1970s. This decade is considered to be the beginning of modern times of the
monorail. Monorail operating systems, excluding magnetic monorails, can be
divided into three groups: straddle-type, double-flanged steel wheels, and
SAFEGE monorails. The most widely used is the straddle-type, in which carriages
straddle a beam, like the Chongqing monorail system that is shown in fig. 1.

Figure 1:  Straddle-type [3].

SAFEGE and double-flanged monorails are suspended. In case of Wuppertal
Schwebebahn (WS), it has steel wheels and the track is a single rail (fig 2). In
contrast to SAFEGE monorail, which uses rubber-tyres and the track is a hollow
box (fig. 3).

Figure 2:  Double-flanged [4]. Figure 3:  SAFEGE [5].

Technology available in these monorails dates from the 50s. Due to the
stagnation of monorail technology, many companies have implemented projects
to develop a competitive transport following the concept of monorail, in order to
find a solution to the current transportation challenges. Companies such as
SkyTrain Corporation (STC) [6] and Personal Rapid Transit (PRT) [7] are
launching new projects.

In this paper, a study of the main analysis of the different technologies of
monorails has been carried out [§—10]. By means of analysing the weaknesses of
existing systems and observing where there is not currently any monorail system
which predominates over the rest, it is possible to question the technology with
which monorails have been equipped during the last 40 years.
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2 Methodology

Analytical calculations have been performed in this to select the components and
determine the specifications of the developed system. The design optimisation
process has been carried out using CAD (Computer Aided Design) and FEM
(Finite Element Method). To summarize, the process followed throughout the
work is shown in fig. 4.

State of Detailed System
art engineering modelling
o o [ ] [ ] ([ ] [ ]
Conceptual Optimisation Design
design design alternative

Figure 4:  Work steps.
2.1 Conceptual design

In this step, a comparative analysis (qualitative and quantitative) has been
developed in order to determine the strengths and weaknesses of each system and
to compile the largest possible number of strong points in the final design
alternative. The analysis was carried out taking as reference straddle-type (Seattle,
Hitachi and Scomi) and suspended monorails, in particular SAFEGE monorails
(Mitsubishi and Siemens H-Bahn) and double-flanged steel wheels monorails
(WS).

In order to compare systems they must all be in the same reference system. In
this study the features were referenced with respect to a single carriage, regarding
the total number of carriages that each monorail has in a regular operation. When
there was no tractor engine in the carriages, tractor carriages were used for
comparative analysis.

First of all, a qualitative analysis was done, which was necessary to assess
systems because not all the technical characteristics are expressed numerically,
e.g. infrastructure or safety. For others, however, it was enough to order them from
high to low to know which one is better, e.g. maximum speed. These features were:
speed, consumption, capacity, maintenance, safety, number of drive and guide
wheels, infrastructure, mass and number of engines.

The quantitative analysis that was carried out consisted in the numerical
valuation of the characteristics previously cited. The aim was to quantify the
strengths of each system, which can be done by scoring each system with a
percentage. In this way, it is possible to know which one is better. Each
characteristic had a percentage value that reflected its importance in the set. The
percentages assigned to each characteristic were as follows:

- 15%: speed, capacity and infrastructure.
- 10%: maintenance, consumption and number of drive and guide wheels.
- 5%: safety, number of engines and mass.

Because some features were directly connected, as in the case of consumption

and number of engines, all systems have strengths and weaknesses. For this
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reason, it was necessary to assess which feature were most influential in order to
consider a system better than another.

The analysis showed that the WS monorail was the most distinguished, with a
rating of 74.7%, followed by the Alweg systems, in particular the Seattle monorail
with a rating of 56.3%. The results of the analysis showed also that overall WS
had more advantages than the others in number of engines, consumption, number
of wheels and maintenance. It corresponds to the fact that WS is the only one with
steel wheels (as shown in fig. 5). In terms of infrastructure and safety, SAFEGE
monorails obtained the highest marks. It corresponds to the fact that the track in a
steel box shape is advantageous (fig. 6). This kind of infrastructure facilitates the
operation in adverse weather conditions.

Figure 5: WS traction system [11]. Figure 6: SAFEGE infrastructure
[12].

Once the strengths and weaknesses of each system were known, and which one
is better overall, a new design is considered taking into account the strengths of
the previous studied design and its technical feasibility. The mark of the mixed
system is shown in Table 1.

Table 1:  Comparative analysis of the system to be developed.
Feature System Percentage Value Mark (%)
Speed WS 15% 4 7.50
Capacity Hitachi 15% 8 15.00
Infrastructure Mitsubishi 15% 7.5 14.06
Maintenance WS 10% 8 10.00
Number of drive wheels WS 10% 8 10.00
Number of guide wheels WS 10% 8 10.00
Consumption WS 10% 7 8.75
Safety A Mitsubishi 2.50% 5 1.56
B Mitsubishi 2.50% 7 2.19
Number of engines WS 5% 6 3.75
Mass Hitachi 5% 4 2.50
TOTAL:
85.31%

Table 1 shows that a new system would improve the features discussed in the
previous comparison, in which the maximum mark corresponded to the
WS monorail (74.7%). With the exceptions of mass and capacity, WS and
SAFEGE monorails dominate the alternative design.
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This fact suggests that the best way to improve existing systems should be
based on a mixture of SAFEGE and double-flanged type systems to obtain a
traction-fixing system with electric propulsion.

Taking these monorails as a reference, an alternative design was proposed with
eight steel wheels and four shafts, each one with an electric motor, as it is shown
schematically in fig. 7. Steel wheels, as opposed to tyres, allow the system to be
guided along the track, allowing for a reduction in the number of wheels and the
risk of puncture thereof [13].
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Figure 7:  Scheme of the design alternative.

2.2 Detailed engineering

Fig. 8 shows the method that has been carried out in this step, which has as its aim
the selection of components. The next sections describe the four phases in which
this step was divided.

System capacity
Phase 1 Total mass of the system
Traction effort required. Performance calculating

Traction system configuration
Phase 2 Engine selection
Reduction gears selection

Estimating loads
Phase 3 Calculation of shaft diameter

Fatigue study

Bearings selection
Phase 4 Estimation of the maximum shaft deflection
Couplings selection

Figure 8:  Detailed engineering phases.

2.2.1 Phase 1

Once the concept of traction-fixing system was established, the capacity of the
system was determined taking into account the percentage of seats and
the carriages dimensions that WS and Siemens H-Bahn had. Based on these
assumptions, the capacity comes to 106 passengers, 30% of them seated.
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Finally, the total mass of the system comes to 19,786 kg, taking into account
that the mass of passengers corresponds to 45% of the total mass. This percentage
is similar to the carriages which were taken as reference. 20% extra mass for
possible overcrowding situations was included.

2.2.2 Phase2
In order to select the engines, which propel the system, it was firstly necessary to
calculate the tractor effort required on the drive wheels to overcome the drag force.
The resulting tractive effort 440 kW, considering a critical speed of 5 km/h and
20% mechanical losses. A system with four 110 kW electric engines was selected.
The selected engine that met with that requirement was the Siemens 1LG4.
Regarding the selection of reduction gears, the decisive factor was the
reduction ratio between the engine and wheels. It was necessary to determine the
wheel speed, prefixing the diameter thereof. Finally, the Siemens Flender Sip
reduction gear was selected, eight in total, one for each wheel.

2.2.3 Phase 3

The third phase of detailed engineering is focused on the calculation of the shaft
diameter which carries the torque from the reduction gear. The diameter was
analytically determined by means of the estimation of the loads it was subjected
to. The elements taken into account for the calculation were carriage, engine and
reduction gear, which were selected previously.

The procedure used for shaft diameter calculation was proposed by the ASME
Code [14], which purposes the eqn (1) to calculate the shaft diameter:

1
@ =22 (G- m) + @) (M)

This equation considers the combination of torsion (T) and flexion (M)
maximum efforts. It also includes the maximum permissible stress (gp), and the
coefficients C; and C; which are related to flexion and torsion moments,
respectively.

Taking into account that the material used for the shaft construction was the
AISI 1050 cold laminated steel [15], the eqn (1) had a result of 120 mm. In order
to check the numerical calculation a fatigue study using the Goodman Criteria [ 16,
17] was carried out. It showed, as its most significant result, that the shaft life was
infinite.

2.2.4 Phase 4

The selection of bearings and couplings was made taking into account the shaft
diameter that was calculated previously, as well as, the output and the input
diameter of engines and reduction gears selected.

To put the bearings and couplings in the correct place, it was essential to
analyse the maximum shaft deflection, which depended on the distance between
them. Admissible values for the loading conditions applied were obtained. Fig. 9
shows the elements that are part of the traction system for a single pair of wheels.

Table 2 lists the mechanical components selected and the main characteristics
of the system developed in this paper.
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Figure 9:  Scheme of the design alternative traction system.

Table 2:  Features of the system developed.

Number of carriages | 1

Capacity 106 passengers

Engines 4 Siemens 1L.G4 110kW engines
Reduction gears 8 Siemens Flender Sip reduction gears
Couplings 8 Renold Hi-Tec couplings RB
Bearings 16 SKF bearings

Maximum speed 110 km/h

Wheels 8 steel wheels

Once the kinematic chain was developed, the next step was the optimisation of
the fixing system that joins the traction system with the carriage. The main idea
behind the optimisation process, that is described in the next section, was to design
and optimise the fixing system (the traction system protection and backing of the
carriage (as is shown in fig. 9)) allowing the contact between the track and
the monorail, as well as, the supporting the weight of the carriage.

2.3 Design optimisation

Design optimisation consisted of an iterative process, taking into account a factor
of safety of 1.5. The process started with initial model analysis, considering the
worst load condition. Successive modifications to achieve the final optimised
model. The final model was analysed under different load conditions, among
which were: all passengers on one side of the carriage (considered the worst load
condition), passengers evenly distributed, lateral wind load, thermal analysis and
modal analysis. In the thermal analysis were applied the same loads that were
applied in case of passengers evenly distributed, adding temperature conditions.
As the fixing-traction system and the carriage are joined by bolts, the loads
were applied directly in the holes in which they would be located. Table 3 sums

WIT Transactions on The Built Environment, Vol 162, © 2016 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



186 Computers in Railways XV: Railway Engineering Design and Operation

up the loads applied per bolt in each case, taking into account that the total number
of bolts were 128. Note that in case of all passengers on one side of the carriage,
the bolts of the other side (type 2) only support the weight of the structure.

Table 3:  Loads applied (in Newtons).

Load conditions Bolt type | Vertical load | Lateral load
All passengers on one sid 1 g 0
passengers on one side 5 503.8 0
— 1 1072 0
Passengers evenly distributed 5 1072 0
) 1 1072 56
Lateral wind load 5 1072 56

Different types of steel have been selected, mainly AISI 1050 for the shaft and
A36 for the optimised structure. Although there are elements of the same material,
the thickness thereof may be different, so it was taken into account as a design
variable. The selection of materials was carried out keeping in mind properties and
market price as well.

One of the main purpose of the optimisation process was to make the structure
lighter (e.g. the roof) without jeopardising the resistance of the structure. Some of
the intermediate steps of the optimisation process are shown in fig. 10.

»
»

Figure 10: Some steps of the optimisation process.

Metal joints could cause a problem because of the stresses. For this reason, a
welding analysis in the joint under maximum stress was carried out in order to
check the resistance (fig 11).

Figure 11: Joint under maximum stress.
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This joint is considered a filled weld because of the right angle. The calculation
was done based on the directional weld method in order to check the weld
resistance [18]. This method establishes that the resistance of the fillet weld will
be sufficient if the following two conditions are satisfied:

\/O'J_Z + 3(1'”2 + TJ_Z) < f)‘j’M (2)
0| < 0,9 . ‘g—l:v (3)

Eqns (2) and (3) involve the following parameters; most of them were obtained
in the FEM analysis:
- o) : the normal stress perpendicular to the critical plane of the throat.
- 7 the shear stress (in the critical plane of the throat) perpendicular to
the weld axis.
- 7): the shear stress (in the critical plane of the throat) parallel to the weld
axis.
- By the correlation factor of the steel.
- f,: the ultimate strength of the steel.
- Yumw: the global factor of safety.
The obtained results satisfied the conditions shown in eqns (2) and (3). The
required weld size (leg length) as 4 mm was also obtained.

2.4 System modelling

The last part of the work was focused on the developed system modelling using
AutoCAD software. Commercial and non-commercial elements were modelled
considering real dimensions (as shown in fig. 12). Only one track was modelled,
but it is clear that by simmetry it is possible to obtain a bidirectional means of
transport. Fig. 12 also shows the detail of the traction-fixing system, which has
been developed in this work. As has already been said, the carriage includes four
traction-fixing system, each one with two steel wheels. SAFEGE infrastructure
was also modelled, which allows the monorail to be suspended.

Figure 12: 3D modelling.
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3 Results

The results of the FEM analysis under the worst load condition are shown in
figs 13 and 14. Fig. 13 shows the displacement diagram while fig. 14 shows the
Von Misses stress diagram.

Figure 13: Displacement analysis. Figure 14: Stress analysis.

Overall, it can be seen that maximum stresses and displacements are located at
the base of the bolt and the steel sheet where they are placed.

The thermal analysis proposed (between -10°C and 50°C as extreme
temperatures) did not show significant results for any temperature. The
displacement variation obtained was close to 102 mm. In comparison with the
worst load condition analysis, this is not relevant. Stress results were also
insignificant (close to 102 Pa). Thus, thermal analysis has no relevance.

The aim of the modal analysis was to study dynamic behaviour of the structure,
mainly the period of vibration under excitation. Results show frequencies between
22 Hz and 33 Hz in the first ten vibration modes, which must be considered in
order to analyse resonance phenomenon. It should be pointed out that the
frequency of 50 Hz, which could cause this phenomenon with other elements such
as engines, is in vibrate mode 29, which has no relevance.

The factor of safety, for the worst load condition, is over 1.75 for any load
condition. Note that the minimum factor of safety was established as 1.5. The
analysis for load condition with passengers evenly distributed and lateral wind
load, shows the highest factor of safety (2.7) with maximum Von Mises stress
close to 200 MPa. The maximum displacement obtained, after all of the analyses,
was 5 mm. Finally, it should be indicated that the convergence of the model was
checked, and the mesh size for all FEM analysis was fixed in 6 mm.

4 Discussion

Fig. 15 illustrates the front view of the new means of transport. It can be observed
that thanks to the traction-fixing system design (which has been made taking into
account the future installation in SAFEGE infrastructure) it is possible to ensure a
minimum safety distance between the SAFEGE steel box and the carriage.

The system could also be adapted so that there are less traction systems for each
carriage, similar to the tilting trains’ technology, because the system is
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Figure 15: Detail of the safety distance.

independent. They could also incorporate suspension, it if were needed, to stabilise
the system, because the design of the traction-fixing system makes it possible to
incorporate other elements.

Just like the existing models to date, the developed proposal is not the final
solution, but the first step of a different design that improves a priori most
weaknesses of the studied systems (e.g. it is symmetrical and improves the safety
of WS monorails).

5 Conclusions

Developments in monorails as a means of transport throughout history have been
increasing. This is due, in large part, to the great potential of the concept itself,
whether it be maglev, straddle-type or suspended monorail.

In this paper, different, current systems have been studied, providing an
overview to clarify the strengths and weaknesses of each one. The absence of a
dominant monorail means that there is good reason to carry out the optimisation
proposals that attempt to improve systems weaknesses, as in the case of the
described proposal throughout this paper.

The detailed study of the conceptual design has been made, choosing the most
relevant parameters, e.g. the capacity or mass of the system. Based on these
assumptions, it was possible to select the reduction gears, bearings and couplings,
as well as, to calculate the shaft diameter, including fatigue analysis.

Among future lines of work could be discussed the necessity of a suspension
system, as well as, the detailed analysis of the wheels and carriage design.
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