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Abstract A growing demand for passenger and freight

transportation, combined with limited capital to expand the

United States (U.S.) rail infrastructure, is creating pressure

for a more efficient use of the current line capacity. This is

further exacerbated by the fact that most passenger rail

services operate on corridors that are shared with freight

traffic. A capacity analysis is one alternative to address the

situation and there are various approaches, tools, and

methodologies available for application. As the U.S. con-

tinues to develop higher speed passenger services with

similar characteristics to those in European shared-use li-

nes, understanding the common methods and tools used on

both continents grows in relevance. There has not as yet

been a detailed investigation as to how each continent

approaches capacity analysis, and whether any benefits

could be gained from cross-pollination. This paper utilizes

more than 50 past capacity studies from the U.S. and

Europe to describe the different railroad capacity defini-

tions and approaches, and then categorizes them, based on

each approach. The capacity methods are commonly di-

vided into analytical and simulation methods, but this pa-

per also introduces a third, ‘‘combined simulation–

analytical’’ category. The paper concludes that European

rail studies are more unified in terms of capacity, concepts,

and techniques, while the U.S. studies represent a greater

variation in methods, tools, and objectives. The majority of

studies on both continents use either simulation or a

combined simulation–analytical approach. However, due to

the significant differences between operating philosophy

and network characteristics of these two rail systems,

European studies tend to use timetable-based simulation

tools as opposed to the non-timetable-based tools com-

monly used in the U.S. rail networks. It was also found that

validation of studies against actual operations was not

typically completed or was limited to comparisons with a

base model.

Keywords Railroad capacity � Simulation � Railroad

operation � The U.S. and European railway characteristics

1 Introduction

Typically, the capacity of a rail corridor is defined as the

number of trains that can safely pass a given segment

within a period of time. The capacity is affected by var-

iations in system configurations, such as track infrastruc-

ture, signaling system, operation philosophy, and rolling

stock.

The configuration differences between European and the

U.S. rail systems may lead to different methodologies,

techniques, and tools to measure and evaluate the capacity

levels. There are high utilization corridors in Europe where

intercity passenger, commuter, freight, and even high-

speed passenger services operate on shared tracks, and all

train movements follow their predefined schedule in highly

structured daily timetables that may be planned for a full

year in advance. On the contrary, the prevalent operations
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pattern on current shared corridors in the U.S. follows

unstructured (improvised) philosophy, where schedules and

routings (especially for freight trains) are often adjusted on

a daily or weekly basis. Recently, the U.S. has placed an

increasing emphasis on either the development of new

higher speed passenger services, or to incrementally in-

crease the speeds of current passenger services on selected

shared corridors [1]. At the same time, the slower speed

freight rail transportation volumes are also expected to

increase [2]. These increases in volumes and operational

heterogeneity can be expected to add pressure for higher

capacity utilization of the U.S. shared-use corridors. Ca-

pacity measurement and analysis approaches (and their

methods and tools) will play a crucial part in preparing the

U.S. network for these changes. To maximize the effi-

ciency of future improvements, such as new passenger and

high-speed rail services, the accuracy and applicability of

capacity tools and methods in the U.S. environment need to

be carefully evaluated. Whether the analytical and op-

erational approaches utilized in Europe would provide any

benefits for the U.S. shared-use corridors should also be

reviewed.

This paper starts by identifying the various definitions of

capacity and by discussing the similarities and differences

between the U.S. and European rail systems that may affect

both the methods and outcomes of capacity analysis. It will

also identify different approaches to conduct the analysis

and concludes with an examination of several past capacity

studies from both continents.

2 What is capacity?

2.1 Capacity concept and definitions

The definition used for rail capacity in the literature varies

based on the techniques and objectives of the specific

study. For instance, Barkan and Lai [3] defined capacity as

‘‘a measure of the ability to move a specific amount of

traffic over a defined rail corridor in the U.S. rail envi-

ronment with a given set of resources under a specific

service plan, known as level of service (LOS)’’. They listed

several infrastructure and operational characteristics which

affect capacity levels, including length of subdivision,

siding length and spacing, intermediate signal spacing,

percentage of number of tracks (single, double, and multi-

tracks), and heterogeneity in train types (train length,

power-to-weight ratios). In another paper, Tolliver [4] in-

troduced freight rail capacity as the number of trains per

day for typical track configurations depending on several

factors, such as track segment length, train speed, signal

aspects and signal block length, directional traffic balance,

and peaking characteristics. The American Railroad

Engineering and Maintenance-of-Way Association

(AREMA) offers a simplified approach for line capacity

that estimates practical capacity by multiplying theoretical

capacity (Ct) and dispatching efficiency (E) of the line

(C = Ct 9 E). AREMA’s method for calculating theore-

tical capacity and dispatching efficiency requires consid-

eration of various factors, such as number of tracks, the

operations rules (single or bi-direction operation), stopping

distance between trains (or headway), alignment specifi-

cations (grade, curves, sidings, etc.), trains specifications

(type of train, length, weight, etc.), maintenance activities

requirements, and the signaling and train control systems

[5]. A capacity modeling guidebook for the U.S. shared-use

corridors, released by the Transportation Research Board

(TRB), defines capacity as ‘‘the capability of a given set of

facilities, along with their related management and support

systems, to deliver acceptable levels of service for each

category of use.’’ Similar to the other capacity definitions,

TRB notes that different parameters and variables should

be considered in the capacity analysis, such as train dis-

patching patterns, train type and consist, signaling system,

infrastructure, track maintenance system, etc. [6].

In Europe, the most common method for capacity ana-

lysis is provided by the International Union of Railways

(UIC) code 406. According to UIC 406, there is no single

way to define capacity, and the concerns and expectations

vary between different points of view by railroad cus-

tomers, infrastructure and timetable planners, and railroad

operators. UIC also emphasizes that the capacity is affected

by interdependencies and the interrelationships between

the four major elements of railway capacity including av-

erage speed, stability,1 number of trains, and heterogene-

ity,2 as shown in Fig. 1 [7]. According to the figure, a rail

Fig. 1 Capacity balance according to UIC code 406 definition [7]

1 The state of keeping the same train schedule by providing time

margins/buffers between trains arrival/departures; despite of minor

delay which may occur during operation.
2 Diversity level of train types which are in operation along a shared-

use corridor.
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line with various types of trains on the same track (mixed

traffic operations or shared-use corridor) has a higher

heterogeneity level compared to the urban metro (subway)

system with dedicated right-of-way and homogeneous op-

erations. While the average speed of a mixed traffic cor-

ridor might be higher than a dedicated metro line, the

various train types reduce the stability of train schedules, as

well as the total number of trains that can operate on the

corridor, due to increased headway requirements.

According to UIC, the absolute maximum capacity, or

‘‘Theoretical Capacity’’, is almost impossible to achieve in

practice, and it is subject to:

• Absolute train-path harmony (the same parameters for

majority of trains)

• Minimum headway (shortest possible spacing between

all trains)

• Providing best quality of service [7].

In addition to the UIC literature, research conducted as

part of European Commission’s ‘‘Improve Rail’’ project

produced a definition of ultimate capacity that was similar to

the UIC’s theoretical capacity definition, but placed higher

emphasis on the train schedules and running time [8].

2.2 Capacity metrics

The literature categorizes the main metrics of capacity

level measurements into three groups: throughput (such as

number of trains, tons, and train-miles), LOS (terminal/

station dwell, punctuality/reliability factor, and delay), and

asset utilization (velocity, infrastructure occupation time,

or percentage) [9]. In 1975, The Federal Railroad Admin-

istration (FRA) introduced a parametric approach devel-

oped by ‘‘Peat, Marwick, Mitchell and Company’’ to

measure capacity in the U.S. rail network based on delay

units (hours per 100 train-miles) [4]. The European rail

operators typically use throughput metrics (number of

trains per day or hours) to measure the capacity levels,

although punctuality and asset utilization metrics are also

applied as secondary units [8, 10].

3 Differences between the U.S. and European rail

systems

The U.S. and European rail networks have several simila-

rities, such as mixed operations on shared-use corridors,

and using modern signaling and traffic control systems

(e.g., developing ETCS in Europe and PTC in the U.S.). On

the other hand, significant differences also exist and they

may change the preferred methodologies, tools, and the

outcomes of capacity analysis. Figure 2 and the following

discussion uses the literature review to highlight several

key differences between infrastructure, signaling, op-

erations, and rolling stock in Europe and the U.S.

3.1 Infrastructure characteristics

• Public versus private ownership of infrastructure The

ownership of rail infrastructure is one of the important

differences between Europe and the U.S. rail networks.
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Fig. 2 The main differences in the U.S. and Europe rail systems
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More than 90 % of the infrastructure is owned and

managed by private freight railroads in the U.S., while

in Europe almost all infrastructure is owned and man-

aged by governments or public agencies. In addition,

operations and infrastructure are vertically separated in

Europe, while in the U.S. the majority of operations

(mainly freight) are controlled by the same corporations

who own the infrastructure. The ownership and vertical

separation have wide impact in the railroad system.

Perhaps the greatest effect is on the prioritization of

operations and accessibility for operating companies,

but other aspects, such as operations philosophy,

maintenance strategy and practices, signaling and train

control systems, rolling stock configuration, and capital

investment strategies are also affected [4, 11].

• Single versus double track More than 46 % of rail

corridors in Europe are at least double track [12, 13],

while approximately 80 % of the U.S. rail corridors are

single track [2, 4].

• Directional versus bidirectional Most of the U.S.

double tracks operate in bidirectional fashion and use

crossovers along the corridor, while directional op-

eration with intermediate sidings and stations is the

common approach in Europe [4].

• Distance between sidings The distances between

stations and sidings in the European rail network are

generally shorter than in the U.S. The average distance

between sidings/stations throughout the European net-

work (total route mileage vs. number of freight and

passenger stations) is approximately four miles be-

tween sidings/stations in both UK and Germany [13,

14]. In the U.S., the distance between sidings varies

greatly between corridors. On double track sections,

passing sidings are typically further apart than in

Europe, often more than twice the average European

distance [11, 15].

• Siding length Siding/yard tracks in the U.S. are

typically longer than the European rail network, but

in many cases are still not sufficient for the longest

freight trains operating today [11, 16].

• Track conditions Typically, railroad structure in the

U.S. is designed for higher axle loads, but has tighter

horizontal curves (smaller radius) and lower maximum

speed operations than the European rail network [11,

16].

• Grade crossings There are approximately 227,000

active grade crossings along the main tracks in the

U.S. [17, 18], while there are few grade crossings on

the main corridors in Europe, partially due to higher

train speeds. High frequency of grade crossings and

difficulty of their elimination cause operational and

safety challenges for increased train speeds in the U.S.

[19].

3.2 Signaling characteristics

• Manual blocking versus signaling systems Manual

blocking is absent on main passenger corridors in the U.S.

today, but relatively common on lower density branch

ones, including some of the lines proposed for passenger

corridors. In Europe, most shared-use corridors are

equipped with one of the common signaling systems [20].

• Cab signaling A more significant difference is the

extensive use of cab signaling and enforced signal

systems, such as ETMS and ATS in Europe. Imple-

mentation of automatic systems is limited in the U.S.,

despite the current effort to introduce the positive train

control (PTC) on a large portion of corridors [11].

3.3 Operation characteristics

• Improvised versus structured operation While some

specific freight trains (mainly intermodal) have tight

schedules, the U.S. operations philosophy is based on the

improvised pattern with no long-term timetable or dis-

patching plan. On the passenger side, the daily operation

patterns of many Amtrak and commuter trains are also

developed without details, anticipating improvised resolu-

tion of conflicts among the passenger trains, or between

passenger and freight trains. In Europe, almost all freight

and passenger trains have a regular schedule developed well

in advance, known as structured operations [21].

• Freight versus passenger traffic The majority of the

U.S. rail traffic is freight, while the majority of

European rail traffic is passenger rail [4, 22].

• Delay versus waiting time Delay (deviation of train

arrival/departure time from what was predict-

ed/planned) and waiting time (scheduled time spent at

stations for passing or meeting another train) are two

fundamental concepts in the railroad operations. The

waiting time concept is typically used in Europe to

manage rail operations, due to the structured operations

pattern with strict timetables. Delay is more commonly

used in the U.S. capacity analysis as the main

performance metric, while it is limited in Europe to

the events that are not predictable in advance [21].

• Punctuality The punctuality criteria of trains are quite

different in the U.S. and Europe. Amtrak’s trains are

considered on-time if they arrive within 15 min of a

scheduled timetable for short-distance journeys (less

than 500 miles) or within 30 min for long-distance

trains (over 500 miles). In 2011, Amtrak’s train punc-

tuality was 77 % for long-distance trains, 84 % for

short-distance trains, and 92 % for Acela trains on

Northeast Corridor. According to Amtrak, more than

70 % of passenger train delays were caused either by
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123J. Mod. Transport. (2015) 23(1):30–42



the freight trains performance or infrastructure failure

[23]. The passenger trains in Europe have shorter

average delay per train. For instance, Network Rail in

the UK reported that approximately 90 % of all short-

distance passenger trains had less than 5 min deviation

from planned timetable, while for long-distance trains,

the same was true for deviation less than 10 min [24].

In Switzerland, more than 95 % of all passenger trains

are punctual with an arrival delay of 5 min or less [25].

The punctuality of European freight trains in 2003 was

reported to be approximately 70 % [26].

3.4 Rolling stock characteristics

• Train configuration (length and speed) Typically freight

trains in the U.S. are longer and heavier than freight trains in

Europe. Based on the Association of American Railroads

(AAR), the typical number of cars in a U.S. freight train

varies between 63–164 cars in the West and 57–110 cars in

the East, while the typical number in Europe is 25–40. From

speed perspective, the average speed of intercity passenger

trains in Europe is significantly faster than in the U.S. [2, 11,

16]. Freight trains also typically operate at higher speeds

and with less variability in Europe.

• Diversity of freight versus passenger trains The U.S.

rail transportation is more concentrated on the freight

trains than Europe, and there is a great diversity

between the types, lengths, etc., of freight trains. On the

passenger side, Europe has more diverse configurations

(such as speed, propulsion, train type, power assign-

ment, HSR services, diesel, and electric multiple unit

(EMU) trains) in comparison to the U.S. [2, 20].

While the principles of rail capacity remain the same in all

rail networks, the above characteristics have an effect on

capacity and its utilization. What remains unclear is how

these differences have been considered in various capacity

analysis tools and methodologies used and how much they

limit the applicability of the U.S. tools in the European en-

vironment and vice versa. This paper introduces some of the

common tools and methodologies, including examples of

their use in past studies, but excludes any direct comparisons

between the capabilities of individual tools. A more detailed

(case study based) comparative analysis of selected U.S. and

European simulation tools and methodologies is provided by

the authors in separate papers [27, 28].

4 Capacity measurement, analytical, simulation,

and combined approaches

Generally speaking, there are two main approaches to

improve the capacity levels: either by applying new capital

investment toward upgraded or expanded infrastructure or

by improving operational characteristics and parameters of

the rail services [29]. In either approach, it is necessary to

assess and analyze the benefits, limitations, and challenges

of the approach, often done through capacity analysis. The

literature classifies capacity analysis approaches and

methodologies in several different ways. Although the

approaches differ, the input typically includes infrastruc-

ture and rolling stock data, operating rules, and signaling

features. Abril et al. [30] classified the capacity method-

ologies as analytical methods, optimization methods, and

simulation methods. Pachl [31] divided the capacity

methodologies into two major classes: analytic and

simulation. Similar categorization was used in research

conducted by Murali on delay estimation technique [32].

Khadem Sameni, and Preston et al. [9] categorized capacity

methods to timetable-based and non-timetable-based ap-

proaches. The capacity guidebook developed by TRB also

divides capacity evaluation methods into two approaches:

simple analysis, and complex simulation modeling [6].

Finally, in research conducted at the University of Illinois,

Sogin, Barkan et al. [3, 33] divided capacity methods to

theoretical (analytical), parametric, and simulation meth-

ods. Overall, the analytical and simulation methods are the

most common methods found in the literature. For our

review, we divided methods into three groups: analytical,

simulation, and combined. Although the term ‘‘combined

methodology’’ was not used commonly in the reviewed

literature, it was added as a new class to address the fact

that many reviewed studies took advantage of both analy-

tical and simulation methods.

4.1 Analytical approach

The analytical approach typically uses several steps of

data processing through mathematical equations or alge-

braic expressions and is often used to determine theoretical

capacity of the segment/corridor. The outcomes vary based

on the level of complexity of the scenario and may be as

simple as the number of trains per day, or a combination of

several performance indicators, such as timetable, track

occupancy chart, fuel consumption, speed diagrams, etc.

Analytical methods can be conducted without software

developed for railroad applications, such as Microsoft

Excel, but there are also analytical capacity tools

specifically developed for rail applications. One example is

SLS PLUS in Germany, which is used in the German rail

network (DB Netz AG) for capacity estimation through

analytical determination of the performance, asynchronous

simulation, and manual timetable construction [34].

Figure 3 presents the different levels of analytical approach

and how complexity can be added to the process to provide

more detailed results. In some cases, analytical models are
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called optimization methods or parametric models, taking

advantage of different modeling features, such as

probabilistic distribution or timetable optimization. The

latter method, timetable optimization, is typically achieved

using specialized software or simulation tools [30, 31].

Timetable compression method is one of the main

analytical approaches in Europe to improve the capacity

levels, especially on the corridors with pre-determined

timetables (structured operation pattern). A majority of

techniques and tools for improving the capacity utilization

in Europe, including the UIC method (leaflet 406), are

partly developed based on timetable compression [7, 10,

35–37]. The UIC’s method modifies the pre-determined

timetable and reschedules the trains as close as possible to

each other [30]. Figure 4 provides an example of the

methodology where a given timetable along a corridor with

quadruple tracks (Scenario a) is first modified by com-

pressing the timetable (Scenario b) and then further

improved by optimizing the order of trains (Scenario c). As

demonstrated in the figure, the third scenario could provide

a higher level of theoretical capacity in comparison to the

Scenarios a and b [10]. It should be emphasized that due to

the unstructured nature of the U.S. rail operation phi-

losophy, timetable compression technique has not been

practically applied yet in the U.S. rail environment.

4.2 Simulation approach

Simulation is an imitation of a system’s operation which

should be as close as possible to its real-world equivalent

[30]. In this approach, the process of simulation is repeated

several times until an acceptable result is achieved by the

software. The data needed for the simulation are similar to

the analytical methods, but typically at a higher level of

detail. The simulation practices in rail industry started in

the early 1980s through the development of models and

techniques, such as dynamic programming and branch-and-

bound, proposed by Petersen, as well as heuristic methods

developed by Welch and Gussow [30]. Today, the

simulation process utilizes computer tools to handle so-

phisticated computations and stochastic models in a faster

and more efficient way. The simulation approaches use

either general simulation tools, such as AweSim, Minitab,

and Arena [32, 38]; or commercial railroad simulation

software specifically designed for rail transportation, such

as RTC, MultiRail, RAILSIM, OpenTrack, RailSys, and

CMS [9, 30]. The use of general simulation tools requires

the user to develop all models, equations, and constraints

step by step (often manually). This requires more expertise,

creativity, and effort, but it can also offer more flexible and

customization when it comes to results and outputs. The

commercial railroad simulation tools offer an easier path

toward development of different scenarios, in addition to

providing a variety of outputs in a user-friendly way, but

the core decision models and processes are not easily
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customizable or reviewable, which may reduce the flex-

ibility of applying these tools.

The commercial railroad simulation software typically

revolves around two key simulation components: (1) train

movement and (2) train dispatching. The first component

uses railroad system component data provided as an input,

such as track and infrastructure characteristics (curvature

and grades), station and yard layout, signaling system, and

rolling stock characteristics, to calculate the train speed

along the track. Train dynamics is typically determined

based on train resistance formulas, such as Davis equation

and train power/traction. The dispatching simulation

component typically emulates (or attempts to emulate) the

action of the dispatcher in traffic management, but in some

cases, it can be also used as part of a traffic management

software to help traffic dispatchers to manage and organize

the daily train schedules (Fig. 5) [21].

According to Pachl, the simulation method can also be

divided into asynchronous and synchronous methods.

Asynchronous simulation software is able to consider

stochastically generated train paths within a timetable,

following the scheduling rules and the train priorities. In

synchronous simulation, the process of rail operations is

followed in real-time sequences, and the results are ex-

pected to be closely aligned with real operations. In con-

trast to the asynchronous method, synchronous methods

cannot directly simulate the scheduling, or develop a

timetable, without use of additional computer tools and

programs to create a timetable [31]. The outputs of

simulation software typically include several parameters

such as delay, dwell time, waiting time, elapsed time (all

travel time), transit time (time between scheduled stops),

trains speed, and fuel consumption of trains [21, 30].

4.2.1 Simulation methods: timetable based versus non-

timetable based

The commercial railroad simulation software can be clas-

sified in two groups: non-timetable based and timetable

based. The non-timetable-based simulations are typically

utilized by railroads that use the improvised (unstructured)

operation pattern without an initial timetable, such as the

majority of the U.S. rail networks. In this type of simula-

tion, after loading the input data in the software, the train

dispatching simulation process uses the departure times

from the initial station that are provided as part of the input

data. The software may encounter a problem to assign all

trains and request assistance from the user to resolve the

issue by manually adjusting the train data, or by modifying

the schedule constraints [9, 21].

The simulation procedure in timetable-based software

(typically used in Europe) is based on the initial timetable of

trains and the objective is to improve the timetable as much

as possible. The UIC’s capacity approach is often one of the

main theories behind the timetable-based simulation ap-

proach. The simulation process in this methodology begins

with creating a timetable for each train. In the case of

schedule conflict between the trains, the user must adjust the

timetable until a feasible schedule is achieved. However, the

user actions are more structured compared to the improvised

method, and is implemented as part of the simulation process

[21]. There are several common software tools in this

category, such as MultiRail (U.S.), RAILSIM (U.S.),

OpenTrack (Switzerland), SIMONE (The Netherlands),

RailSys (Germany), DEMIURGE (France), RAILCAP

(Belgium), and CMS (UK) [9, 30]. A comprehensive capa-

bility review of various simulation tools is outside the scope

of this paper, but three simulation packages (RTC, RailSys,

and OpenTrack) are briefly introduced to demonstrate some

key differences between non-timetable-based and timetable-

based software.

The rail traffic controller (RTC), developed by Berkeley

Simulation Software, is the most common software in the

non-timetable-based category, used extensively by the U.S.

rail industry [9]. RTC was launched in the U.S. (and North

American) rail market in 1995 and has since been

Review and selecting 
simulation software 

Developing the main track 
and sidings database

Developing other elements of railway system:
- Signaling and train control system

- Operation rules and dispatching preferences
- Rolling stock and trains characteristics

Run the simulation 
(Train movement and train dispatching simulations)

Review and interpret the simulation outcomes 
(Delays, headway, timetable, meet-pass, ...)

Are the results 
satisfactory?

YES

Conclusion / report

NO

New simulation 
scenarios by 
modifying the 

database

Fig. 5 Steps for railway capacity analysis in commercial simulation

approach
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continuously developed and upgraded. Since majority of

the U.S. train services (particularly freight trains) have

frequent adjustments in their daily schedules, RTC has

several features and tools for simulating the rail operations

in non-scheduled environment, including train movement

animation, automated train conflict resolution, and ran-

domization of train schedule. The dispatching simulation

component of RTC is based on a decision support core,

called ‘‘meet-pass N-train logic’’. For any dispatching

simulation practice, ‘‘meet-pass N-train logic’’ will decide

when the given trains should exactly arrive and depart from

different sidings, based on the defined train priorities and

preferred times of departure. The simulation outcomes may

include variation between the simulated departure times

and preferred times [39]. Besides its decision core fitting

the U.S. operational philosophy, RTC has other system

characteristics, such as attention to grade crossing, that

make it well suited to the U.S. market.

RailSys, developed by Rail Management Consultants

GmbH (RMCon) in Germany, is an operation management

software package that includes features, such as timetable

construction/slot management, track possession planning,

and simulation. It has been in the market since 2000 and it

is one of the commonly used timetable-based simulation

software in Europe. The capacity feature of RailSys uses

the UIC code 406 which is based on the timetable com-

pression technique [40, 41]. OpenTrack is another common

simulation package in Europe. It was initially developed by

Swiss Federal Institute of Technology-Zurich (ETH-Zur-

ich) and has since 2006 been supplied by OpenTrack

Railway Technology Ltd. OpenTrack is also a timetable-

based simulation tool with several features, such as auto-

matic conflict resolution based on train priority, routing

options and delay probabilistic functions, as well as several

outputs and reporting options, such as train diagram,

timetable and delay statistics, station statistics, and

speed/time diagram [42, 43].

4.3 Combined analytical–simulation approach

In addition to the analytical and simulation approaches, a

combined analytical–simulation method can also be used to

investigate the rail capacity. Parametric and heuristic

modelings (in analytical approach) are more flexible when

creating new aspects and rules for the analysis. On the

other hand, updating the railroad component input data and

criteria tends to be easier in the simulation approach, and

the process of running the new scenarios is generally faster,

although simulation may place some limitations when ad-

justing the characteristics of signaling or operation rules. A

combined simulation–analytical methodology takes ad-

vantage of both methodologies’ techniques and benefits,

and the process can be repeated until an acceptable set of

outputs and alternatives is found (Fig. 6). There are several

ways to combine analytical and simulation tools. For in-

stance, finding a basic and reasonable schedule of trains

through simulation, followed by analytical schedule can be

considered as one example of combined analytical–

simulation approach. Another example would be applica-

tion of a simplistic analytical model to provide the basic

inputs, such as determining the type of signaling system, or

developing train schedule, followed by more extensive and

detailed analysis in commercial rail simulation tools.

5 Review of capacity studies in the U.S. and Europe

The approaches, methodologies, and tools highlighted in

previous section have been applied in numerous U.S. and

European capacity studies. The team reviewed 51 total

studies using all three approaches (17 analytical studies, 22

simulation studies, and 12 combined simulation–analytical

approaches). Then, 25 of them that had sufficient details of

the study approach and respective results were used to

conduct a detailed assessment of studies conducted in

Europe versus in the U.S.

5.1 Studies with analytical approach

One of the first analytical models was developed by Frank

[44] in 1966 by studying the delay levels along a single

track corridor considering both directional and bidirec-

tional scenarios. He used one train running between two

consecutive sidings (using manual blocking system) and a

single average speed for each train to calculate the number

of possible trains (theoretical capacity) on the given seg-

ment. Petersen [45] expanded Frank’s idea in 1974 by

considering two different speeds, independent departure

Simulation results  

Analytical results 

- Comparing the results  

- Interpretation 

- Rearrangement/Modification 

Conclusion and 
Suggestions on 

Capacity 

Fig. 6 Basic diagram of combined analytical–simulation approach for capacity analysis
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times, equal spacing between sidings, and constant delays

between two trains. Higgins et al. [46] developed a model

in 1998 for urban rail networks to evaluate the delays of

trains by considering different factors such as trains’

schedule, track links, sidings, crossings, and the direc-

tional/bidirectional operation patterns throughout the

network.

De Kort et al. [47] analyzed the capacity of new corri-

dors in 2003 by applying an optimization method and

considering uncertainty of demand levels on the planned

route. Ghoseiri et al. [48] introduced a multi-objective train

scheduling model of passenger trains along single and

multiple tracks of rail network, based on minimizing the

fuel consumption cost as well as minimizing the total

passenger time of trains. Burdett and Kozan [49] developed

analytical techniques and models in 2006 to estimate the

theoretical capacity of a corridor based on several criteria,

such as mixed traffic, directional operation pattern, cross-

ings and intermediate signals along the track, length of the

trains, and dwell time of trains at sidings or stations.

Wendler [50] used queuing theory and the semi-Markov

chains in 2007 to provide a technique of predicting the

waiting times of trains based on the arrival times, minimum

headway of trains, and the theory of blockings. Lai and

Barkan [3] introduced an enhanced technique of capacity

evaluation tools in 2009 based on the parametric modeling

of capacity evaluation, which was initially developed by

CN Railroad. The railroad capacity evaluation tool

(RCET), developed by Lai and Barkan, can evaluate the

expansion scenarios of network by estimating the line ca-

pacity and investment costs, based on the future demand

and available budget.

Lindner [51], recently, reviewed the applicability of

timetable compression technique, UIC code 406, to eval-

uate the corridor and station capacity. He used several case

studies and examples to conclude that UIC code 406 is a

good methodology for evaluating the main corridor ca-

pacity, but it may encounter difficulties with node (station)

capacity evaluation. Corman et al. [52] conducted another

study in 2011 to analyze an innovative approach of opti-

mization of multi-class rescheduling problem. The problem

focused on train scheduling with multiple priority classes

in different steps, using the branch-and-bound algorithm.

In addition to specific studies on railroad capacity, a

book edited by Hansen and Pachl [53], containing several

articles and sections conducted by different railroad studies

mostly by European universities and academic centers, was

released in 2008 as one of the latest resources of timetable

optimization and train rescheduling problem. The book

covers articles on various topics, such as cyclic time-

tabling, robust timetabling, use of simulation for timetable

construction, statistical analysis of train delays,

rescheduling, and performance evaluation.

5.2 Studies with simulation and combined approach

Studies using analytical approach preceded simulation and

combined approaches. One of the first general simulation

studies was conducted by Petersen et al. in 1982 by di-

viding a given corridor into different track segments where

each segment represented the distance between two siding/

switches [54]. Kaas [55] developed another general

simulation model in 1991, called ‘‘Strategic Capacity

Analysis for Network’’ (SCAN), by defining different

factors of simulation which could determine the rail net-

work capacity. In another study, Dessouky et al. (1995)

[56] used a general simulation model for analyzing the

track capacity and train delay throughout a rail network.

Their model included both single and double track corri-

dors, as well as other network parameters, such as trains

length, speed limits, and train headways. Sogin et al. [57]

recently used RTC to simulate several case studies at

University of Illinois, Urbana-Champaign. One of their

studies evaluated the impact of passenger trains along U.S.

shared-use double track corridors, considering different

speed scenarios. They concluded that increasing speed gap

between the trains can result in higher delays.

The Missouri DOT used the combined analytical–

simulation approach in 2007 to analyze the rail capacity on

the Union Pacific (UP) corridor between St. Louis to

Kansas City to improve the passenger train service re-

liability and to reduce the freight train delay. Six different

alternatives were generated based on a theory of constraints

(TOC) analysis3 and then compared with each other using

the Arena simulation method. A set of recommendations

and capital investment for each proposed alternative were

proposed with respect to delay reduction [38].

In another project, Washington DOT (WSDOT) con-

ducted a master plan in 2006 to provide a detailed op-

eration and capital plan for the intercity passenger rail

program along Amtrak Cascades route. The capacity of the

corridor was also evaluated using the combined simula-

tion–analytical approach. First, analytical methods were

used to determine the proposed infrastructure. Then the

proposed traffic and infrastructure were simulated with

RTC software to test the proposed infrastructure and op-

erational results. After running simulation on RTC soft-

ware, a heuristic (analytical) method, called root cause

analysis (RCA), was applied to evaluate the simulation

output. The objective of RCA method was to identify the

real reason of a delay along the rail corridor by comparing

3 TOC is a management technique that focuses on each system

constraints based on five-step approach to identify the constraints and

restructure the rest of the system around it. These steps are: 1) identify

the constraints, 2) decision on how to exploit the constraints, 3)

subordinate everything around the above decision, 4) elevate the

system’s constraints, and 5) feedback, back to step 1.
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the output reports of each delayed train with other train

services and to re-adjust the simulation outputs to be more

accurate, in addition to locating infrastructure bottlenecks

which caused the capacity issues and delays [58].

The Swedish National Rail Administration (Banverket)

carried out a research project in 2005 to evaluate the ap-

plication of the UIC capacity methodology (timetable

compression) for the Swedish rail network. RailSys soft-

ware was used for the simulations and the research team

analytically evaluated the capacity consumption, its rela-

tionship with time supplements (or buffer times), and the

service punctuality. The research concluded that the buffer

times are absolutely necessary for the service recovery, in

case of operation interruption. When there is no buffer

time, the service punctuality can be significantly degraded

due to increased capacity consumption. Banverket also

confirmed the validity of the framework and the results of

the UIC’s approach and asked their experts and consultants

to implement this analytical approach in their network [36].

In research conducted through combined analytical–

simulation approach, Medeossi et al. [59] applied

stochastic approach on blocking times of trains to improve

the timetable planning using OpenTrack simulation soft-

ware. They redefined timetable conflicts by considering a

probability for each train conflict as a function of process

time variability. The method repeatedly simulated indi-

vidual train runs on a given infrastructure model to show

the occupation staircase of trains in different color spec-

trums, while each color represents the probability of trains’

conflict which should be resolved.

Recently, a new ‘‘Web-based Screening Tool for

Shared-Use Rail Corridors’’ was developed in the U.S. by

Brod and Metcalf [60] to perform a preliminary feasibility

screening of proposed shared-use passenger and freight rail

corridor projects. The outcomes can be used to either reject

projects or move them to more detailed analytical/simula-

tion investigations. The concept behind the tool is based on

a simplified simulation technique which does not provide

optimization features or complex simulation algorithms.

The tool requires development of basic levels of infras-

tructure, rolling stock, and operation rules (trains schedule)

of the given corridor; and a conflict identifier assists the

user in identifying locations for a siding or yard extension

needed to resolve the conflict between existing and future

train services.

5.3 Detailed assessment of selected studies

Only a subsection of reviewed studies offered sufficiently

detailed explanation of the study approach and respective

results. These studies were broken into several categories

and subcategories for a comparison between the studies

conducted in Europe versus in the U.S. Table 1 and the

following discussion summarize the approach, tools used,

Table 1 Category/subcategory breakdown of 25 selected studies in the U.S. and Europe [2, 3, 9, 10, 21, 25, 29, 32, 35, 36, 38, 57–70]

Category/subcategory The U.S. (14 studies) Europe (11 studies)

Capacity approach Analytical 4 studies [2, 3, 29, 32] –

Simulation 5 studies [57, 61, 62, 64, 65] 5 studies [10, 25, 36, 67, 69]

Combined analytical–simulation 5 studies [9, 21, 38, 58, 60] 6 studies [35, 59, 63, 66, 68, 70]

Tools/software Only mathematical/parametric modeling 3 studies [2, 3, 29] –

General simulation software 3 studies [32, 38, 60] –

Timetable-based simulation software – 11 studies [10, 25, 35, 36, 59, 63,

66–70]

Non-timetable-based simulation software 8 studies [9, 21, 57, 58, 61, 62,

64, 65]

–

Purpose of research New methodology development/

methodology approval

5 studies [3, 9, 21, 29, 60] 7 studies [10, 25, 35, 36, 59, 66,

68]

Master plan/capacity analysis 3 studies [2, 38, 58] –

Academic research/project 6 studies [32, 57, 61, 62, 64, 65] 4 studies [63, 67, 69, 70]

Type of

outcomes/solutions

Delay analysis/improvement 3 studies [32, 57, 61] 1 study [69]

Infrastructure development, 1 study [2] –

Rescheduling/operation changes 2 studies [21, 62] 4 studies [25, 35, 63, 67]

Combination of above solutions 4 studies [38, 58, 64, 65] 2 studies [68, 70]

New tools/methodology approval 4 studies [3, 9, 29, 60] 4 studies [10, 36, 59, 66]

Validation of simulation

results

No comparison 6 studies [2, 9, 29, 57, 61, 62] 3 studies [25, 35, 36]

Base model 7 studies [3, 21, 38, 58, 60, 64,

65]

7 studies [10, 59, 63, 66, 67, 69,

70]

Base and alternative results 1 study [32] 1 study [68]
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study purpose, types of outcomes, and validation methods

of the 25 studies selected for more detailed comparison.

Approach Most studies used either simulation or com-

bined analytical–simulation approaches. However, research

conducted by AAR [2], University of Illinois at Urbana-

Champaign (UIUC) [3, 29], and University of Southern

California (USC) [32] applied analytical-only

methodologies.

Tools and software All European studies used timetable-

based simulation software (e.g., RailSys, OpenTrack,

ROMA), while the U.S. studies relied on other tools like

optimization/parametric modeling (UIUC and USC) [2, 3,

29], general simulation software (e.g., Arena) [38], web-

based screening tools [60], and non-timetable-based rail

simulation software (RTC).

Purpose of Research Three main purposes were identi-

fied for studies: (1) introducing new methodology for ca-

pacity evaluation, (2) evaluating the capacity status of a

given corridor as part of a corridor master plan develop-

ment, and (3) academic research on various capacity issues.

The majority of European studies (Denmark, Austria,

Germany, the Netherlands, and Sweden) were conducted

by industry or academic research teams to justify and

evaluate the UIC’s approach (UIC code 406) for capacity

evaluation [10, 35, 36, 67, 70], while the objectives of the

U.S. studies included all three subcategories.

Type of outcomes or solutions The outcomes and solu-

tions obtained from the U.S. studies included variety of

different types such as delay analysis (UIUC by using RTC

and USC by using Awesim/Minitab), rescheduling and

recommendations related to current operations (UIUC and

White) [21, 62], infrastructure development, and combi-

nation of all outcomes mentioned above (typically as part

of a master plan). In addition, new tools and parametric

models were also developed as the final outcome of three

U.S. studies (mainly by UIUC). The outcomes of European

studies were not so diverse, as they either approved the

application of UIC’s capacity methodology to be used on

their network [10, 36], or suggested network rescheduling

and operational changes (the timetable compression con-

cept) [25, 35, 63, 67, 70]. One of the common conclusions

of various studies was the identification of operational

heterogeneity as a major reason of delay, especially in the

U.S. rail network with unstructured operation pattern.

Validation of simulation results None of the studies

using analytical method compared the results to a real-life

scenario, but some of the simulation-based studies

validated the results with one of the following three types

of comparisons:

• No comparison No specific information or comparison

was provided between simulated results and actual

practices. As presented in Table 1, approximately one-

third of the studies (9 out of 25) did not validate the

simulation results, either because the study was not

based on actual operational data, or comparison was not

conducted as part of the research.

• Base model Only the results of a base model were

compared with the real data. More than half of the

studies (14 out of 25) compared the simulation results

only with the base model.

• Base and alternative results In addition to base model

comparison, the alternative outcomes were compared

with the real data. Only two studies belonged to this

category.

6 Summary and conclusions

This paper has provided an overview of capacity defini-

tions, alternative analysis approaches, and tools available

to evaluate capacity. It has also highlighted the key simi-

larities and differences between the U.S. and European rail

systems and how they affect related capacity analysis. Fi-

nally, the paper has reviewed over 50 past capacity studies

and selected 25 of them for more detailed investigation,

The review revealed no single definition of railroad

capacity. Rather, the definition varies based on the tech-

niques and objectives of the specific study. The capacity

analysis approaches and methodologies can also be clas-

sified in several ways, but are most commonly divided into

analytical and simulation methods. This paper also intro-

duced a third ‘‘combined’’ approach that uses both analy-

tical and simulation approaches.

While the objective of capacity analysis is common,

there are several differences between the U.S. and Euro-

pean rail systems that affect the approaches, tools, and

outcomes of analysis. Europe tends to use a structured

operations philosophy and thus uses often timetable-based

simulation approaches for analysis, while the improvised

U.S. operations warrant non-timetable-based analysis.

Other factors, such as differences in ownership, type and

extent of double track network, distance between and

length of sidings, punctuality of service, dominating type

of traffic (passenger vs. freight), and train configuration

also affect the analysis methods and tools.

The review of over 50 past studies revealed that a ma-

jority of analyses (approximately 65 % of studies) utilized

either simulation or combined simulation–analytical

methods, while the remainder relied on analytical methods.

Although the general simulation tools and modeling ap-

proaches have been used, most studies use commercial

simulation software either in the U.S. (non-timetable

based) or in Europe (timetable based). Based on the more

detailed review of 25 of the studies, European capacity
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analysis tends to be linked to the UIC 406 method, while

the U.S. does not seem to have as extensive principles as

the European case studies, but the methodologies vary

more from one study to another. The outcomes of European

studies were also less diverse than in the U.S., and com-

monly suggested rescheduling and operation changes as the

solutions for capacity improvement. Also the studies

showed limited effort in comparing the simulation results

to the actual conditions (the validation step), especially

after recommended improvements were implemented.

Only two studies did the full validation, 14 out of 25 only

compared the results with the base model, and the re-

maining one-third of the studies had no validation process.

Overall, it was found that there was no major divergence

between approaches or criteria used for capacity evaluation

in the U.S. and Europe. However, there are differences in

the tools used in these two regions, as the tool designs

follow the main operational philosophy of each region

(timetable vs. non-timetable) and include features that

concentrate on other rail network characteristics for the

particular region.
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