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Summary 
 
In major cities there is a need for multidisciplinary research in the selection and choice of high-
speed rail systems. On the basis of comparative analysis of all relevant rail system characteristics, 
qualitative results can be achieved in the preliminary stage. The paper emphasizes the importance 
of thorough analysis of traffic and technical systems, propulsion and exploitation properties of 
rapid urban rail systems. 
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1. Introduction 
 

Public urban transport in our cities is still based on the classical bus, i.e. tramcar and 
suburban-urban rail transport of passengers. Due to high share of individual motor traffic many 
cities are in fact occupied or blocked by automobiles, and the role of a more organized public 
transport still fails to be evaluated as advanced pragmatic alternative. 

In cases of major agglomerations, and in our example it is the City of Zagreb, the problems 
are even more complex and require more complex study-design analysis. The classical public 
transport systems based on tramcars, buses and suburban rail regarding their service still fail to be 
competitive to individual traffic. The concept of progressive road network construction, however, is 
becoming counterproductive because of the ratio between the high material and spatial 
investments for questionable traffic prosperity. 

It is only logical to turn to mass transport by means of advanced rail systems, of the metro 
type or light urban rail. In order to choose the optimal rail system, certain studies have been 
performed: the 1999 Traffic study of the City of Zagreb [3], and the 2006 Underground-
overground rail system realization program in the city of Zagreb [2]. No further analyses have 
been continued, and the explanation for the overall standstill in the research has moved to the 
sphere of harmonising the integral planning of the City and its surrounding. Certain results have 
been achieved within the Spatial-traffic study [4], but there was no clear attitude whether to give 
preference to the metro or alternative rapid rail system. 

In general evaluations there are several attitudes and preferences of one or the other rail 
system modality, so that an additional analysis of foreign solutions is suggested for the sake of 
clarification. For these procedures the maximum decisive parameters should be collected, and 
using the multi-criteria analysis more persuasive indicators should be obtained for an easier choice 
of the most competitive rail system modality. 

Out of a number of traffic-exploitation and propulsion properties in our case only some of the 
major ones are indicated, and in particular a short comparison analysis for the track gauges of 
1,000mm (A) and 1,435mmm (B) has been performed. 
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2. Rapid rail urban system 
 

Rapid rail urban systems include: tramcars, underground railway, light rail systems and urban-
suburban railway. 
 

2.1 The basic characteristics of the urban rail systems are presented for each type 
separately 

 
a) Tramcars 

 
The oldest rail system of public urban transport of passengers, with the following main 

characteristics: 
• electrified system usually as part of, and less frequently segregated from other traffic 

branches; 
• from one to eight vehicles in a composition; 
• vehicle (composition) length 10 – 53m; 
• vehicle width 2.20 – 2.40m; 
• propulsion through overhead contact line by direct current; 
• biggest longitudinal gradient 3%; 
• smallest curve radius 10 – 15m; 
• commercial speed 7 – 20km/h; 
• interstation distance 150 – 500m; 
• capacity 4,000 – 12,000 PAX/h in one direction. 

 
b) Underground (metro) 

 
The system of public urban mass transport of passenger on rails, completely segregated from 

road traffic and other rail traffic: 
• the electrified system in urban centres usually operates underground, and in exterior areas 

it runs overground or on elevated tracks; 
• from 4 to 8 vehicles in the composition; 
• vehicle length 18 – 22m; 
• vehicle width 2.40 – 3.20m; 
• propulsion over the third rail by means of direct current; 
• biggest longitudinal gradient 3 – 4%; 
• smallest curve radius 75 – 200m; 
• commercial speed 35 – 40km/h; 
• interstation distance 800 – 1,500m; 
• capacity 10,000 – 60,000 PAX/h in one direction. 

 
c) Light rail system (light urban rail – LGŽ/LRT) 

 
A combination of tramcars, underground, and urban-suburban conventional railway, taking 

over from them the properties that can best satisfy the requirements of modern urban 
environments: 

• electrified system partly segregated from other transport modes; 
• may be compatible with tram-car or rail system; 
• composition length up to 60m; 
• vehicle width 2.65m; 
• propulsion through the overhead contact line by direct current; 
• biggest longitudinal gradient 8%; 
• smallest curve radius 25m; 
• commercial speed 22 – 30km/h; 
• interstation distance 550 – 750m; 
• capacity 6,000 – 12,000 PAX/h in one direction. 
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d) Urban-suburban rail 
 

Element of the classical rail system which has to satisfy all the standards and regulations for 
the railway (track gauge and structure, electrical traction subsystem, signalling-safety equipment). 
These are usually used on distances of 50 – 80km, i.e. up to a driving time of 60min: 

 
• electrified or non-electrified system completely segregated from other traffic branches; 
• railcars (from a single unit to a 4-unit composition); 
• composition length of up to 150m; 
• vehicle width 2.80 – 2.90m; 
• propulsion through the overhead contact line or by Diesel engine; 
• biggest longitudinal gradient 3%; 
• smallest curve radius 250m; 
• commercial speed 40 – 50km/h; 
• interstation distance 1.5 – 2km in urban areas, outside urban areas  2.5 – 5km; 
• capacity 20,000 – 50,000 PAX/h in one direction. 

 
The constantly increasing traffic demand has made conventional tramcar insufficient for usage 

in the cities with over 600,000 inhabitants. The movement along the roads together with other 
transport modes (usually automobiles) reduces significantly the transport performance, prolongs 
the travel times and renders tramcar system unattractive to the users. On such traffic routes, at 
peak hours, the tramcar traffic gets mixed with other vehicles and has to move in a queue, slowly 
passing through the at-level intersections, with long stops or standstills. In old city cores with 
narrow roads, which were the origin of the first tramcars, it is impossible to completely segregate 
the tramcar traffic from other traffic users. 

As part of classical rail system intended for passenger and cargo transport the urban-suburban 
railway has to fulfil all the criteria and standards stipulated for safe traffic flow in the railway 
system. In older urban centres it is almost impossible to construct a completely new overground 
rail system, unless using the existing railway line. Even the newer urban areas, with much wider 
traffic routes and bigger distances between the buildings and other facilities are usually not 
suitable for the construction of completely new railway lines, unless it had already existed before 
or its construction has been planned by urban plans. 

Therefore, the underground rail (metro) and light rail system impose themselves as the 
optimal solutions in the choice of a new rail system for public urban transport of passengers in the 
cities exceeding a population of 500,000. The bottom limit of transport demand which justifies the 
introduction of a metro amounts to 10,000 PAX/h in one direction. High transport capacity and 
costs of construction make metro almost three times as expensive as light rail system per railway 
line kilometre. Besides, due to much greater interstation distance in case of metro, compared to 
light rail system, the advantage of metro regarding commercial speed is lost, since in case of 
shorter trips in the cities of up to a million inhabitants, a significant share in the total travelling 
time is accounted for by walking to the public urban transport stop. It is generally considered that 
the bottom limit for the introduction of metro are 1 – 1.5 million citizens, although there are 
significantly smaller cities with the constructed metro, i.e. multimillion cities without an 
underground rail. 

The example of a city of the size of Zagreb (800,000 citizens) was used to study the 
justification of introducing a new system of mass public transport (light rail system), that would 
supplement the classical modes of the public urban passenger transport (tramcars, buses, urban-
suburban railway). 
 
3. Methodology of comparative analysis and selection of track 

gauge 
 

Since the existing light rail systems are usually performed so that they are compatible with the 
tramcar or classical rail system, the analysis will encompass the possibility of harmonisation 
regarding the choice of the track gauge. The tramcar system in the city of Zagreb has the track 
gauge of 1,000mm, and the urban-suburban railway uses tracks of normal gauge of 1,435mm. For 
the selection procedure of the more favourable track of the light rail system the comparative 
analysis of their advantages and drawbacks has been accepted, which were analyzed by means of 
five basic technical and technological groups of estimate factors. 
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For the sake of realistic estimate, the methodology was used to determine different weights i.e. 
influence of a certain group on the total result. It was thus determined that the group 
Space/Urban planning accounts for 15%, Traffic for 25%, Construction 25%, Rolling stock 15%, 
and the group Propulsion and maintenance accounts for 20% in the total result. Expert estimates 
were performed by the institutions, entering individual estimates separately for the track gauges of 
1,000mm, and separately for the normal track gauge of 1,435mm, so that the sum of estimates 
amounts to 10. 

Each group was supplemented by additional properties as follows: 
 
a) Space/Urban planning (15%) 

• harmonization with GUP (General Urban Plan); 
• fitting into the existing street network 
• fitting into the future street network 
• need for new areas for depot construction 
• development - incentive component 
• ecology and ambience. 

 
b) Traffic (25%) 

• transport capacity; 
• connection to the existing HŽ railway lines; 
• connection to tramcar lines; 
• response to the needs of the periphery; 
• depot usage. 

 
c) Construction/Modalities and costs (25%) 

• line/path: underground; 
• line/path: overground; 
• construction costs: underground; 
• construction costs: at level; 
• construction costs: overground; 
• depot design. 
 

d) Rolling stock (15%) 
• suitability of the rolling stock; 
• supply methods – propulsion; 
• line maintenance; 
• price of train purchase; 
• standardization and compatibility; 
• domestic production. 
 

e) Propulsion and maintenance (20%) 
• propulsion costs of light rail system; 
• propulsion maintenance; 
• personnel; 
• depreciation and renewal of the system; 
• domestic components/replacements. 
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Table 1 Example of estimated factors and advantages, Neuron [2] 
 

No. Evaluation factors 

A) TRACK 1,000mm  B) TRACK 1,435mm  

with description of 
advantages and 

drawbacks 

A-
grade 

with description of advantages 
and drawbacks 

B-
grade 

for against  for against  

1. SPACE/URBAN PLANNING       

a harmonization with GUP 
included in 

GUP  8 not included  2 

b 
fitting into the existing street 
network 

included in 
GUP 

 8 
partially, on 
the periphery 

only in the city 2 

c 
fitting into the planned street 
network 

included in 
GUP 

 8 
partially, on 
the periphery 

only in the city 2 

d need for new areas for depot 
construction 

  5  yes 5 

e development-incentive component yes  8  not clear 2 

f ecology and ambience   6  yes 4 

2. TRAFFIC       

a transport capacity  lower 30% 4 higher 30%  6 

b 
connection to existing HŽ railway 
lines easy  5 easy  5 

c connection to tramcar lines 
easy in the 

centre  7 
easy on the 
periphery 

difficult in the 
centre 3 

d 
response to the needs of the 
periphery possible  6 

easy east-
west 

difficult north-
south 4 

e usage of depots usage  6  
everything 

new 
4 

3. 
CONSTRUCTION/MODALITIES 

AND COSTS 
      

a line/route: underground 
smaller dimensions, 
shorter construction 

 

7 
 
 

3 

b line/route: overground smaller dimensions, 
shorter construction 

 

7 difficult in the centre 
 

3 

c costs construction: underground lower 30-36% 8 longer time of construction 2 

d costs construction: at level lower 10-15% 
 

6  
higher 30-35% 

4 

e costs construction: overground lower 20-25% 
 

7 higher 10-15% 
 

3 

f depot design 
costs lower 10-15% 

 
5 

higher 20-25% 
 

4 

4. ROLLING STOCK       

a profitability of the rolling stock 
smaller trains, better in 

the city 
8 

bigger trains, impossible on 
surface 

2 

b supply methods - operation higher, 
lower 

 5   5 

c line maintenance lower costs 
 

6  higher costs 4 

d price of train purchase lower  7  higher 3 

e typization and compatibility yes  8  no 2 

f national production yes  5 yes  5 

5. 
PROPULSION AND 
MAINTENANCE 

      

a costs of operation of the light rail 
system 

lower  7  higher 3 

b operation maintenance lower  6  higher 4 

c 
crews and servicing 
(numerousness) 

lower or equal 6 
 

equal or higher 
4 

d 
depreciation and renewal of the 
system 

lower or equal 6 equal or higher 4 

e national components / substitutes yes  5 yes  5 

6. FINAL   6.41   3.59 
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Table 2 Results of value estimates and track gauge preference [2] 

 

Br. Evaluation factors 

FPZ NEURON PGZ ITZ SKS E-XP ESTIMATE 

A B A  B A   B  A  B  A  B  A   B  A  B  

1. SPACE/URBAN PLANNING                       6.55 3.45 

a harmonization with GUP 8.65 1.35 8 2 6 4 7 3 10  0 8 2 7.92 2.08 

b fitting into the existing street network 7.23 2.77 8 2 6 4 7 3 8 2 8 2 7.40 2.60 

c 
fitting into the planned street 
network 6.74 3.26 8 2 6 4 7 3 5 5 8 2 6.87 3.13 

d 
need for new areas for depot 
construction 6.81 3.19 5 5 5 5 7 3 8 2 5 5 6.09 3.91 

e development-incentive component 4.58 5.42 8 2 3 7 5 5 5 5 6 4 5.36 4.64 

f ecology and ambience 6.03 3.97 6 4 5 5 5 5 6 4 6 4 5.67 4.33 

2. TRAFFIC                 
  
      4.98 5.02 

a transport capacity 3.16 6.84 4 6 4 6 4 6 4 6 0 0 3.84 6.16 

b 
connection to the existing HŽ railway 
lines 0.87 9.13 5 5 0 10 1 9 3 7 3 7 2.22 7.78 

c connection to tramcar lines 8.94 1.06 7 3 7 3 9 1 7 3 8 2 7.84 2.16 

d 
response to the needs of the 
periphery 4.10 5.90 6 4 3 7 5 5 5 5 6 4 4.92 5.08 

e depot usage 6.77 3.23 6 4 5 5 6 4 8 2 5 5 6.09 3.91 

3. 

CONSTRUCTION/MODALITIES 

AND COSTS                 
  
      6.27 3.73 

a line/path: underground 6.26 3.74 7 3 5 5 6 4 7 3  5 5 6.04 3.96 

b line/path: overground 6.26 3.74 7 3 5 5 6 4 7 3 5 5 6.04 3.96 

c costs construction: underground 6.97 3.03 8 2 6 4 6 4 8 2 6 4 6.81 3.19 

d costs construction: at level 6.68 3.32 6 4 6 4 7 3 6 4 6 4 6.28 3.72 

e costs construction: overground 6.26 3.74 7 3 6 4 6 4 7 3 6 4 6.37 3.63 

f depot design 6.32 3.68 6 4 5 5 7 3 6 4 6 4 6.08 3.92 

4. ROLLING STOCK                 
  
      5.37 4.63 

a suitability of the rolling stock 5.81 4.19 8 2 4 6 4 6 4 6 7 3 5.55 4.45 

b supply methods - propulsion 6.13 3.87 5 5 4 6 5 5 5 5 5 5 5.02 4.98 

c line maintenance 4.35 5.65 6 4 5 5 5 5 5 5 6 4 5.27 4.73 

d price of train purchase 5.23 4.77 7 3 4 6 4 6 4 6 6 4 5.09 4.91 

e standardisation and compatibility 5.32 4.68 8 2 3 7 5 5 5 5 8 2 5.84 4.16 

f domestic production 5.16 4.84 5 5 5 5 6 4 6 4 0 0 5.44 4.56 

5. 

PROPULSION AND 

MAINTENANCE                 
  
      5.27 4.73 

a propulsion costs of light urban rail 5.35 4.65 7 3 4 6 4 6 6 4 7 3 5.60 4.40 

b propulsion maintenance 4.94 5.06 6 4 4 6 5 5 6 4 7 3 5.54 4.46 

c crews and service (numerousness) 4.58 5.42 6 4 4 6 4 6 4 6 5 5 4.63 5.37 

d 
depreciation and renewal of the 
system 4.90 5.10 6 4 5 5 5 5 5 5 6 4 5.35 4.65 

e 
domestic components  / 
replacements 5.16 4.84 5 5 5 5 6 4 5 5  5 5 5.21 4.79 

6. FINAL 5.66 4.34 6.41 3.59 4.6 5.4 5.5 4.5 5.92 4.08 6.01 3.99 5.72 4.28 

 
Legend: 
FPZ – Fakultet prometnih znanosti (Faculty of Traffic and Transport Sciences), PGZ – Poglavarstvo Grada Zagreba 
(Zagreb Town Hall), ITZ – Institut za turizam (Institute for Tourism), SKS – Zavod za urbanizam (Institute for Urban 
Planning)/S. K. Suhovec, E-XP – Strani eksperti (Foreign experts) (V. Vučić, L. Gulyas, M. Irshad) 
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Technical and technological groups yield the following results of estimation for the track gauge 
1,000mm (A), i.e. normal track gauge of 1,435mm (B): 
 

Table 3 Final estimation and ratio for track gauge 

 
Tracks:                                                  1,000 mm (A) : (B) 1,435 mm 
1. Space/Urban planning 6.55 : 3.45 
2. Traffic  4.98 : 5.02 
3. Construction/Modalities and costs 6.27 : 3.73 
4. Rolling stock 5.37 : 4.63 
5. Propulsion and maintenance 5.27 : 4.73 
Final estimate and ratio 5.72 : 4.28 

 
The total results of the comparative analysis and all the complex estimate and evaluation 

procedures indicate the selection of the track gauge of 1,000mm i.e. compatibility with the tramcar 
system in the city of Zagreb. 

From the economic aspect the selection of the light rail system brings significant advantages 
in the costs of construction of the infrastructural facilities as well as the production of trains. The 
costs of constructing the infrastructural objects and facilities (tracks, rail lines, tunnels, 
underground facilities, crossing ramps, platforms, railway stations, stops, viaducts, bridges, etc.) 
are by 20-60% lower in case of track gauges of 1,000mm as compared to the normal track gauge. 

The difference in the price of vehicles is somewhat lower and amounts to about 10-20% in 
favour of the vehicles intended for track gauge of 1,000mm. This difference may also be much 
greater, if light rail trains were built for the track gauge of 1,435mm and which would be able to 
operate on the classical railway infrastructure. In this case the trains would be of double-system 
design of electricity supply, and they should be equipped with regulated signalling-safety 
equipment obligatory for travelling along the railway infrastructure. 

The main drawback of the vehicle for the track gauge of 1,000mm is reflected in the smaller 
vehicle width, which automatically means also lower transport capacity. Besides, in the mentioned 
vehicles the passenger aisles are narrower, the travelling is less comfortable and the areas for the 
disabled passengers are more limited (wheelchairs, mothers with children in baby carriages, etc.), 
and compartments for bicycles, etc. 

Regarding the modern requirements of low-floor rail vehicles and the crossings from one train 
module into another without steps or passing doors, the track gauge of 1,000mm is an additional 
limiting factor. It is, namely, much simpler to produce a low-floor train (in a complete passenger 
area) with wider wheel spacing (track gauge 1,435mm) compared to the narrow track gauge 
(1,000mm). 
 

4. Conclusion 
 

In evaluating the comparative advantages and drawbacks of individual rail systems detailed 
analyses and estimates need to be carried out. 

The general overview of the basic traffic and technical characteristics has presented the 
relevant urban rail systems: tramcar, underground rail, light rail system and urban-suburban rail. 
From the analysis of the most important operation and traffic and technical characteristics of the 
considered systems it is easy to eliminate the least favourable ones by means of detailed 
procedures. Out of the remaining two – three systems, using multi-criteria analysis, the optimal 
rail system can be selected. 

In the case of the City of Zagreb, the basic study-research works have been performed in the 
period from 1998 to 2006, and these yielded many useful findings and preference of the 
underground-aboveground light rail system (LGŽ-LRT) as an optimal traffic and technical solution 
for the City of Zagreb. 

Certain dilemmas regarding the choice of the track gauges can be solved in several ways; one 
has been presented concretely on the principle of a survey questionnaire and modelling with five 
criteria entities. The results of the relevant estimates and preference of a certain track gauge has 
been done by processing of the expert analyses and estimates made by six institutions/authorities 
with different weights of their grades. 
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The mathematical-analytic evaluation procedure encompassed five criteria with different 
weights: Space/Urban planning (15%), Traffic (25%), Construction/Costs (25%), Rolling stock 
(15%), Propulsion and maintenance (20%).  

The total results of the comparative analysis and of all the complex estimation and evaluation 
procedures indicate the choice of the track gauge of 1,000mm, i.e. compatibility with the tramcar 
system in the City of Zagreb. 
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