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Executive Summary 
Upgrading of existing lines to enhanced freight capacity is one of the most important questions to 

promote railway freight and meet future demands from industry and society. 

The reason is that today very few railway lines worldwide are constructed specifically for freight traffic. 

The current trend is instead that new lines are constructed for high-speed operations, whereas 

remaining lines are transformed towards more freight and regional traffic. These existing lines were 

however built for the traffic demands at the time of construction, which may be very different from 

the traffic situations for which they are to be used.  

This means that lines need to be upgraded in order to meet the new demands from increased freight 

operations that often have a different character than the freight traffic that existed before the 

transition. In this context it should be noted that freight operators often propose enhanced operations 

(e.g. longer trains, increased axle loads, more frequent operations), which commonly are not realised 

due to infrastructure limitations. The way around this is to upgrade the lines. The experience from 

countries that have allowed enhanced operations through upgrading is that there are indeed 

limitations to what can be utilized, but also possibilities to overcome and/or circumvent these 

limitations. To achieve this, it is important that the upgrading is carried out in a systematic manner 

with a clear vision of the desired transport concept, and that state-of-the-art knowledge is employed. 

Several Research & Development projects during the last 20 years have increased the knowledge and 

understanding, and introduced tools to handle upgrading. This has enabled demands from freight 

operators to be met in a more environmentally friendly and more cost-efficient manner than what was 

previously possible. An overview of some projects that provides this input is presented in Figure E.1. 

 

FIGURE E.1. EXAMPLE OF EU-PROJECTS THAT HAVE PROVIDED KNOWLEDGE TO THIS GUIDELINE 

Despite the increasing need for freight line upgrading, and the increased knowledge on means and 

methods to carry out such an upgrading, there has until now not existed any extensive guideline or 
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best praxis compilation founded on recent research and development. This report in the Capacity4Rail 

projectτά¦ǇƎǊŀŘƛƴƎ ƻŦ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ ƛƴ ƻǊŘŜǊ ǘƻ ƳŜŜǘ ƴŜǿ ƻǇŜǊŀǘƛƻƴ ŀƴŘ ƳŀǊƪŜǘ ŘŜƳŀƴŘǎέτaims to 

fill this need.  

The target audience for this work includes infrastructure managers, contractors and regulatory bodies. 

In addition, the text is heavily referenced to allow for in-depth investigations of track, structure experts 

and researchers. 

The report sets of by an introduction where background and objectives to the report are presented. 

Here, also the issue on how different traffic situations generate different demands is tackled.  

After this introduction, the chapter on substructure sets out by proposing a working method for 

ensuring sufficient substructure capabilities when upgrading railway operations. This sets out with an 

overview on methods for assessing substructure conditions, followed by an overview of methods to 

assess substructure quality and on innovative methods for improving substructure performance. 

Finally, mitigation of ground vibrations, which is an essential issue especially in urban areas, is 

described. 

The chapter about bridges starts with how new traffic situations influences upgrading. Then 

differences are discussed on safety concepts in codes for new and existing structures. Many 

uncertainties are present when a new structure is built and they call for a high safety factor. Instead, 

when we are dealing with an existing structure, actual loads, geometries and material properties 

(including deterioration rates) can be determined with a high accuracy. Therefore safety factors can in 

some cases be reduced for existing structures 

Working methods for assessment of existing bridges are presented and a recommended way to work 

in three phases is introduced: Initial, Intermediate and Enhanced. The Initial phase includes a site visit, 

study of documentation and an overview calculation. The Intermediate phase may include material 

investigations, detailed calculations and/or analyses, and also additional inspections and monitoring. 

The Enhanced phase usually consists of refined calculations and analyses including statistical modelling 

and reliability based assessments, laboratory examinations and/or field-testing and economic decision 

analyses. A thorough assessment, as outlined above, is often the most cost effective way to upgrade a 

structure. This is exemplified by cases where a high hidden capacity was confirmed by such an 

assessment and by full-scale tests.  

For tunnels, different cross sections and typical loading gauges are discussed as these will have a major 

influence on the operational capabilities. Further, possibilities for working in tunnels with rail service 

in operation, which will significantly decrease operational disruptions, are discussed. Examples are 

provided on variations in conditions in countries such as Germany, Austria, Switzerland, Sweden and 

the U.S.  

For culverts, different types of damage and malfunction are described and examples are given on 

suitable measures. Examples are also given on how retaining walls can be upgraded.  
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The following chapter dealing with track and switches & crossings presents a method for upgrading 

that consists of two levels of successively refined analyses. The first level consists of experienced-based 

models which employ historical and empirical data. If the upgrading is not too extensive, such an 

analysis provides a good overview that can be used to take a first decision and also to make priorities 

in the next step which consists of prediction-based analyses. These analyses employ numerical 

simulations to make detailed assessments of the consequences of upgrading.  

To set these approaches in context, the chapter includes an overview of different deterioration 

phenomena, and descriptions of potential consequences of different types of upgrading. The chapter 

also describes maintenance routines that can reduce costs and traffic disturbances after upgrading. 

This includes proactive approaches such as selection of suitable rail and wheel grades, and 

establishment of maintenance strategies. It also includes operational maintenance regimes such as 

grinding, lubrication and welding, and topics such as automation of maintenance.  

Some topics related to upgrading, such as energy supply, signalling and stations are very dependent 

on local and existing conditions. Further, upgrading of energy and signalling is currently mainly carried 

out for passenger traffic. In this context upgrading strategies are relatively well known and depend 

highly on the system used. As for stations, suitable means to adjust these to an upgraded traffic 

situation are highly dependent on specific local situations. For these reasons, these topics are only be 

described in general terms. 

The report also discusses the possibility of employing novel track forms that have been developed in 

other parts of the Capacity4 Rail.  

Finally, the most important conclusions and recommendations are presented in a final chapter.  
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1. Background 
This deliverable, D11.5, is largely based on D11.4, but is heavily edited and supplemented with 

additional material on different topics, e.g. ballast and vibration.  This also relates to results from other 

parts of C4R. For example, chapter 3 Traffic situation in D11.4 is now included in relevant chapters in 

5ммΦрΦ Lƴ ǘƘƛǎ ƛƴǘŜƎǊŀǘƛƻƴΣ ŀƭǎƻ ƛƴŦƭǳŜƴŎŜǎ ŦƻǊƳ ǘƘŜ ǿƻǊƪ ƛƴ /ŀǇŀŎƛǘȅпwŀƛƭΩǎ {tн άbŜǿ ŎƻƴŎŜǇǘǎ ŦƻǊ 

ŦǊŜƛƎƘǘέ ǿŀǎ ƛƴŎƭǳŘŜŘΦ !ƴƻǘƘŜǊ ŜȄŀƳǇƭŜ ƛǎ ŎƘŀǇǘŜǊ мо άbŜǿ ǳǇƎǊŀŘƛƴƎ ŎƻƴŎŜǇǘǎ ŦƻǊ ǎǳǇŜǊǎǘǊǳŎǘǳǊŜǎέ 

where it is discusses how innovative concepts developed in SP1 may be used when upgrading. The 

report also has a revised structure that makes it more feasible as a guideline and thereby promotes 

use and implementation. 

Development of railways has always raised new demands. Speeds and loads have increased quite 

significantly during the history of the railways. For newly constructed lines, this has led to the 

introduction of larger rail profiles with better steel grades, improved rail support in the form of high-

performing fastenings, sleepers and ballast layers, and in bridges designed for higher loads and speeds. 

At the same time, the large majority of the railway infrastructure is old and built according to codes 

and demands of the time of their construction.  

Very few new railway lines are designed and constructed specifically for freight traffic. The trend today 

is instead that the new lines are designed for high-speed operations, whereas existing lines are 

transformed to carry more freight traffic. As mentioned, these existing lines are constructed for traffic 

demands from the time when they were built. This means that these lines have to be upgraded if they 

should fulfil the requirements of the new freight operations. Consequently, upgrading has and will be 

an important future measure to meet current and future demands on freight operations from industry 

and society. 

The big challenge is (and has for a long time been) how to upgrade the existing infrastructure in a (cost) 

efficient, safe and environmentally friendly manner. To this end, the current deliverable aims to 

support Infrastructure Managers (IMs) in providing a methodical approach to assess their 

infrastructure with respect to upgraded freight traffic, to investigate the efficiency of different 

upgrading solutions, to carry out the upgrading and to maintain the upgraded infrastructure. 

Several recent R&D projects have increased knowledge and understanding of infrastructure upgrading. 

Figure E1 in the Executive Summary shows examples of EU-projects carried out during the last 20 years 

that have provided input to this guideline. 

The guideline is structured such that it sets out with chapters that describe the overall aims of the 

report and investigate the influence of different traffic situations. 

In chapters 4 to 12 the influences of upgrading on different parts of the infrastructure are then 

described and investigated. Recommendations and examples of methods for assessment and analysis 

of upgrading consequences are provided.  
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Further, different maintenance related procedures are discussed in chapter 9 that focuses on track and 

switches & crossings.  

1.1 FREIGHT SYSTEM PARAMETERS 
For the customer, also the quality in terms of time for delivery, reliability, prevention of damage of 

goods etc. is important. In addition to quality, the cost of freight transports (in a broad sense) is the 

most important parameter to consider. A number of train and infrastructure parameters affects the 

cost. These are the axle load, the load per unit length, the loading gauge, the train weight and the train 

length. Here, the allowed axle load and the wagonload per meter are depending on the infrastructure 

standard where the condition of the entire track including substructure and bridges etc. is important. 

The train weight is also limited by the tractive effort of locomotives, the couplings and the electrical 

power supply.  

The axle load often decides how much goods that can be carried in one wagon. The maximum axle 

load is therefore a good measure of the development of the railway systems, see figure 1.1. In the 19th 

century the highest allowed axle load was in the order of 10ς15 tonnes, which in the 20th century 

increased to 20ς25 tonnes. Today 22.5 tonnes is basically the standard in Europe. With 22.5 tonnes 

axle load, the gross weight of a 4-axle wagon can be 4x22.5=90 tonnes. If the wagon tare weight is 25 

tonnes the payload will be 65 tonnes. In the US it is common with 35.7 tonnes axle load which allows 

a payload of 120 tonnes on a 4-axle wagon. 

Since the cost for wagon and train operations will increase only marginally with a higher axle load (and 

weight) the transportation cost will be lower the higher the allowed axle load. This line of reasoning is 

valid for heavy goods.  

For bulky goods, instead the loading gauge in terms of the wagons maximal height, width and shape 

can be the critical parameter. Regardless of whether the axle load or the loading gauge limits the 

capacity, a much cost-ŜŦŦƛŎƛŜƴǘ ǿŀȅ ƻŦ ƛƴŎǊŜŀǎƛƴƎ ŎŀǇŀŎƛǘȅ ƛǎ ǘƻ ŀƛƳ ŦƻǊ άƳƻǊŜ ŦǊŜƛƎƘǘ ƛƴ ǘƘŜ ǿŀƎƻƴ ŀƴŘ 

more wagons in the traƛƴέΦ 

However higher axle loads, higher load per unit length and a larger loading gauge, also mean 

requirements for better infrastructure, which can be costly. However, in situations where the track has 

been improved gradually and running characteristics of locomotives and wagons has improved, it has 

been possible to incrementally increase axle loads and speeds for freight trains ς sometimes without 

any other measures than that the system has been continuously renewed and improved. 

1.2 PASSENGER SYSTEM PARAMETERS 
Although the focus of the guideline is on freight transport, it is important also to study the needs of 

passenger transports, not the least since most freight transports are carried out on lines where there 

are additional passenger operations.  
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The most important factors for passenger transports are travel times, a competitive price and good 

quality (including reliability of services). To limit travel times, a high average speed is important. This 

is connected to a high maximum speed (in some cases including rapid braking and accelerations) and 

a proper timetable. Today the limit for daily operation of a high-speed train is some 300ς350 km/h. 

This limit is mainly based on what is economically feasible. By technical development, this limit has 

continuously been pushed higher. In the 1930s, the speed record for steam engines was some 200 

km/h. The top speed record for an electric high-speed train today is 576 km/h, as set in 2007 by a TGV 

train. There is a clear connection between the top speed record and the highest allowed operating 

speed for commercial trains. The top speed record has been doubled every 60 years. If this trend will 

continue, there will be trains in operating at 500 km/h in 2050. The development is shown in Figure 1.2. 

In Figure 1.3 the maximum train speed in Spain is shown. On conventional lines, it increased from 160 

to 200 km/h in the 1990s. On high-speed lines, it has reached 300 km/h through the introduction of 

new lines and vehicles. The Spanish high-speed record was reached 2006 with 403.7 km/h. The axle 

load on the Spanish network was increased from 20 to 23 tonnes in 1980. On high-speed lines, it is 17 

tonnes/axle. 

After investigating the diagrams in Figures 1.1 and 1.2, we believe that requirements on upgrading 

infrastructure to meet new demands are a reality of great importance. At the same time, it is known 

ǘƘŀǘ ǎƻƳŜ ƻŦ ǘƻŘŀȅΩǎ ǊŜǎǘǊƛŎǘƛƻƴǎ ŀǊŜ Ŝŀǎȅ ǘƻ ƳŜŜǘ ǿƘƛƭŜ ǎƻƳŜ ƻǘƘŜǊ ŀǊŜ ŘƛŦŦƛŎǳƭǘΣ Ŏƻǎǘƭȅ ŀƴŘ ǎƻƳŜǘƛƳŜǎ 

impossible to overcome with realistic measures. Therefore, a systematic approach to evaluate the 

impact of track upgrading and address the issues is of great value. This is the background to the current 

deliverable. 
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FIGURE 1.1: DEVELOPMENT OF MAXIMUM AXLE LOADS IN THE WORLD, EUROPE AND FOR THE IRON ORE LINE IN SWEDEN 

WITH INDICATED TREND LINE TO 2050. SOURCE: KTH RAILWAY GROUP (FRÖIDH-NELLDAL). 

 

FIGURE 1.2: DEVELOPMENT OF WORLD SPEED RECORDS FOR PASSENGER TRAINS, MAXIMUM OPERATING SPEED IN THE 

WORLD WITH INDICATED TREND LINE TOWARDS 2050. ALSO MAXIMUM OPERATING SPEED IN SWEDEN IS SHOWN. SOURCE: KTH 

RAILWAY GROUP (FRÖIDH-NELLDAL). 
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FIGURE 1.3: PASSENGER TRAIN SPEEDS IN SPAIN 1986ς2016. 
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2. Objectives 
The objective of the current report is to facilitate upgrading in a methodical, (cost-) efficient and 

environmentally friendly way. To this end, the guideline will contain clear descriptions and 

recommendations. It can be considered as a combination of checklists, functional requirements and 

overviews of potential possibilities of analyses and actions. However, foremost it outlines a structured 

way of working with the upgrading process.  

Sometimes clear recommendations on actions are not possible to give (e.g. because the 

recommendations are intended to cover a very broad range of upgrading scenarios). In such cases 

references to state-of-the-art knowledge in the area will be given. 

The guideline is mainly intended to provide support to infrastructure managers that upgrade 

infrastructure in order to meet new operational and market demands. However, the infrastructure 

performance must be adopted to customer needs and allowed societal costs. This will also affect the 

wagon and train configurations and by that the rail network and the infrastructure standard, as 

described in next section. For this reason, the guideline should be valuable for all parties working with 

upgrading or operation under upgraded conditions, e.g. operators, industry (both on the train and on 

the track side), maintenance contractors etc. 

In upgrading substructures, the objective is a better understanding of existing methods for subgrade 

assessment, with special focus on high-performance methods such as stiffness measurement and/or 

geophysical inspections. The aim is to evaluate the subgrade quality along the whole railway line prior 

to infrastructure upgrading. In cases where the subgrade condition does not meet the required 

performance, strengthening will be necessary. To this end, the latest knowledge in improvement 

methods is reviewed, with a close look at the impact on train operations. 

For bridges, the objective is to provide tools so that the assessment and upgrading can be done in a 

structured, (cost-) efficient and safe manner. Several EU-projects have shown that most bridges have 

a hidden capacity and that it is possible to quantify and utilize it. The objective is to present methods 

to do this for common bridge types. If the added capacity found is not sufficient, adequate 

strengthening and upgrading methods are proposed and exemplified.  

For tunnels, achieving increased loading gauges is the main challenge. The objective is to present best 

current practices and to provide examples on what can be achieved. 

For culverts and retaining walls, the objective is to exemplify problems that may be encountered and 

to present methods to overcome these. In addition, the aim is to provide some good examples on how 

upgrading can be performed. 

To handle the effects of upgrading on tracks, switches & crossings is very much a question of having 

control over the resulting deterioration. Therefore, the main objective is to understand, quantify and 

limit different modes of deterioration. To this aim, a two-level scheme of successively refined analyses 
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gives the possibility to better understand and predict deterioration with a focus on the most important 

problems. The chapter also describes maintenance routines that can address problems resulting from 

upgrading. 

2.1 HOW MARKET REQUIREMENTS AFFECT TRAIN, VEHICLES AND 

INFRASTRUCTURE PERFORMANCE 
There are different requirements for development in different railway markets. These will affect the 

future performance needs, and thereby the requirements of the infrastructure, see Figure 2.1. For 

heavy freight, such as steel and iron ore, there is often a request for higher axle load and load per unit 

length, which will affect the track, supporting structures, and the substructure. For semi-finished 

goods, there are sometimes requests for higher axle loads and wider loading gauges. For voluminous 

goods, there is typically an ambition towards wider loading gauge and longer trains.  

For intermodal transports, the typical request is for a higher loading gauge and longer trains. This will 

affect the requirements for infrastructure in different ways. A higher and wider gauge will affect the 

tunnel profile and bridge structure to accommodate the freight. Higher axle load will affect both the 

track and the substructure to allow heavier loads. A request for higher linear load will primarily affect 

bridges and culverts to be able to carry a higher load per unit length without premature deterioration. 

Markets Train parameters Infrastructure parameters 
Type of goods /  
Density 

Linear 
load 

Axle 
load 

Gauge Train 
Length 

Track and 
S&C 

Sub-
structure 

Structure Network 

Raw material / 
High density 

High High Low Short Low speed Very stable Very stable 
Normal 
sidings 

Semi-manufactured 
Medium density 

Medium High Wide Medium 
Medium 
speed 

Very stable Very stable 
Normal 
sidings 

Manufactured 
Medium density 

Medium Medium Wide 
Medium 
to long 

Medium 
speed 

Stable Wide gauge Long sidings 

Intermodal 
Low density 

Low Low High Long 
Higher 
speed 

Stable High gauge Long sidings 

FIGURE 2.1: EXAMPLES OF MARKETS, AND PERTINENT AFFECTED TRAIN AND INFRASTRUCTURE PARAMETERS (NELLDAL, 

KTH 2015) 

2.2 THE NEED FOR A SYSTEM APPROACH  
All improvements of the rail system must be based on a system view of the railways, as illustrated by 

ǘƘŜ ŦǊŜƛƎƘǘ ǎȅǎǘŜƳ ƛƴ CƛƎǳǊŜ нΦнΦ ¢ƘŜ ŎǳǎǘƻƳŜǊΩǎ ǘǊŀƴǎǇƻǊǘŀǘƛƻƴ ƴŜŜŘǎ Ǉǳǘ ŘŜmands on the wagons. 

The wagons are coupled together into trains where available tractive power is taken into account. The 

train utilises the infrastructure with a certain performance along a link and ultimately in a network 

from origin to destination. The intention is to analyse the railway system from its actual performance 

today to what is planned for the future and what is optimal from a market point-of-view if the entire 

system is considered.  
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For the traffic situations, the objective is to point out what is possible to do with the trains and 

operation of the freight system. This will include effects on cost and capacity and relations to 

infrastructure performance as further described in respective chapters. 

 

 
FIGURE 2.2: PRINCIPLES FOR OPTIMISING WAGONS, TRAINS AND INFRASTRUCTURE. SOURCE:  KTH RAILWAY GROUP 

άwOADMAP FOR DEVELOPMENT OF RAIL AND INTERMODAL TRANSPORTATIONέ (NELLDAL, KTH 2013). 
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3. Infrastructure ς general topics 
In chapter 4 to 12 different types of the infrastructure are described. The purpose is that the chapters 

can be used stand-alone references. Theses chapters often start by outlining a structured work process 

for assessment. This is important since historically too many upgrading projects have not followed a 

well-thought-out process. A structured approach to upgrading has several advantages such as  

¶ Provides a better overview of the important problem early so it is possible to focus the efforts 

in an optimal way 

¶ Avoids unnecessary investigations 

¶ Reduces investment costs 

¶ Includes an assessment of the environmental impact. 

¶ Reduces traffic disturbance. 

Another important reason to follow a well-defined work process when assessing upgrades is that it is 

then easier to employ tried and well-known practices. 

In several chapters, it is not possible to make general recommendations for detailed work processes 

mainly since the suitable approach depends on the conditions at hand. Here examples that give 

guidance how to solve the demands are instead provided. 

3.1 INTRODUCTION 
The stresses from applied wagon load decrease as you move from the top of the rail down to the 

substructure and supporting structures, see Figure 3.1.   

 

FIGURE 3.1 STRESSES MAGNITUDES ON DIFFERENT COMPONENTS (SAHLIN O SUNDQUIST, KTH 1995) 
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This means also that the nature of deterioration for different parts of the track structure differs 

depending how far you are from the applied contact load. For example, deterioration of the track 

structure is dominated by different fatigue phenomena, whereas the substructure and the main 

structure of larges bridges are mainly subjected to a (quasi-)static load. Between these two extremes 

there is a mixture which is quite complex. 

This is also the reason why different design methods are used for different parts of the track structure 

as detailed in the following chapters. 

3.2 DIFFERENT TRAFFIC DEMANDS AND OPERATIONAL ENHANCEMENTS 
Different traffic demands and operational development have various influences on different types of 

infrastructure. In the following chapter, different measures of train and wagon performance will be 

analysed. Note that modifications of these will also affect the requirements of the infrastructure as 

discussed in the subsequent chapters. 

¶ Increased train weight 

¶ Longer trains 

¶ Higher axel load and meter load 

¶ Higher speed 

¶ Increased loading gauge 

¶ Combinations of these measures 

The new traffic situations above have different impact on different types of structures as summarized 

in Table 3.1.  

For bridges, the highest impact comes from increased axle loads and meter loads. Longer trains and 

increased train weights have some impact, whereas higher speeds on freight trains has little impact 

and increased loading gauges usually has no impact.  

For tunnels, the highest impact comes from increased loading gauges, whereas other changes usually 

have no impact. For culverts, the greatest impacts are usually the same as for bridges.  

For common retaining walls that support masses beside the rail but not under it, the traffic situation 

has little or no impact. For the case of retaining walls that support the track, the axle loads and meter 

loads may have great impact. 
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TABLE 3.1. IMPACT OF DIFFERENT TRAFFIC SITUATIONS ON DIFFERENT TYPES OF STRUCTURES. 

Type of 
structure/          
Traffic 
situation 

Sub-
structures 

Bridges Tunnels Culverts 
Retaining 

walls 

 
Track 

Switches 
& 

Crossings 

Longer 
trains 

Some 
impact 

Some 
impact 

No impact 
Some 
impact 

No impact  
Some 
impact 

Some 
impact 

Increased 
train weight 

Some 
impact 

Some 
impact 

No impact 
Some 
impact 

No impact  
Some 
impact 

Some 
impact 

Increased 
axle loads 
and meter 
loads 

Great 
impact 

Great 
impact 

No impact  
Great 
impact 

Some 
impact 

Great 
impact 

Great 
impact 

Higher 
speeds on 
freight 
trains 

Some 
impact 

Little 
impact 

No impact 
Little 
impact 

Little 
impact 

Some 
impact 

Some 
impact 

Increased 
loading 
gauges 

No impact 
No 
impact 

Great 
impact 

No impact  No impact  

No 
impact  

No impact  
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4. Substructure 

4.1 ASSESSING SUBSTRUCTURE CONDITIONS 
Over the course of time, permanent ways have been adapted to increasing requirements. Ballast tracks 

today allows speeds of over 300 km/h and carry axle loads in excess of 40 tons. The substructure and 

earth structure, however, has not progressed in the same way. Due to future demands for faster and 

heavier transports (see chapter 1), the railway subgrade can thus experience problems, such as 

reduced stability, increase of settlements, and vibration problems. These issues have an adverse effect 

on the safety, reliability and economy of the railway operations. Therefore, it is necessary also to 

upgrade the subgrade in such a way, so it will withstand the new loading conditions. 

Improvement of the subgrade could also be necessary in cases where failures occur. In both cases of 

upgrading and repair, it will be necessary to first assess the substructure condition, then to evaluate 

existing and required subgrade quality, and finally to decide on and design strengthening measures. 

The flow chart in Figure 4.1 shows both scenarios and a proposal for a work processes to assess the 

substructure. 

A key point in improving subgrade conditions is an understanding of what the current conditions are 

and what implications these will have on the operating traffic. To this end, this guideline will support 

IMs in subgrade assessments. One key issue here is to interpret and compare results obtained by 

different measurement techniques and recommend suitable methods. In for example INNOTRACK a 

number of techniques including various geophysical methods, rolling stiffness measurement methods 

and methods able to obtain point-wise depth dependent profiles of the subgrade resistance were 

investigated. See e.g. Ekberg and Paulsson (2010) for more details and references to additional work.  

Knowledge about the condition of the different track components along the railway lines is vital in 

performing optimal track maintenance. This knowledge is gathered with the help of inspections as well 

as manual and automatic measurements. Regarding railway substructure, most of the imperfections 

are visible as track geometry irregularities. Therefore, the most important inspection is an accurate 

measurement of spatial and temporal changes in track geometries. Furthermore, to be able to 

determine the root cause of a problem or to conclude how changed traffic conditions will affect the 

track, additional measurements or visual inspections might be needed.  

The following sections deal with the assessment of the railway substructure.  First, the factors and 

mechanical parameters, which can better inform about the substructure condition are discussed. 

Then, different methods and techniques appropriate to assess the substructure quality are described. 
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FIGURE 4.1 STRUCTURED APPROACH FOR ASSESSMENT, IMPROVEMENT AND FOLLOW-UP OF SUBGRADE CONDITIONS. 
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4.1.1 OVERALL ASSESSMENT OF SUBSTRUCTURE CONDITIONS 

SUBGRADE CONDIT IONS AND TRACK GEOMETRY DETERIORATION 

Permanent deformations (settlements) along the track and in transition zones are related to vertical 

loads and to the geotechnical properties and conditions of substructure materials. Drainage plays an 

important role regarding the stability of the subgrade: The layers of sub-ballast and subgrade generally 

contain moisture. These layers perform best under cyclic load when sustaining an intermediate 

moisture state. The change of the moisture level over time affects the stress state in the granular 

material leading to variations in pore pressures and ς as a result ς in overall material behaviour. In 

regions subjected to frost this effect can be dramatic. 

Under load, track settlements often tend to be progressive and may increase in magnitude over time. 

This effect is due to dynamic effects and induced by gradual increases in loads from passing trains. Two 

parameters related to the substructure especially influence the track geometry degradation: 

- Differential settlement between adjacent sections of the track; 

- Stiffness characteristics of the subgrade. 

Differential settlements occur whenever two segments of the railway track settle at different rates. 

The running surface deviation that develops in this situation can contribute to dynamic loads as high 

as three times the static wheel load. Settlements also at plain track can vary a lot due to geotechnical 

issues affecting the subgrade performance. These can be low strength soils, deficient soil compaction, 

poor drainage, and erosion. Moreover, environmental factors such as wet/dry and freeze/thaw cycles 

can affect the subgrade behaviour. In summary, settlements in granular substructure  materials as well  

as deformations in superstructure components are influenced by the geotechnical conditions of the 

involved materials in terms of compaction and saturation. 

The stiffness characteristics of the subgrade can also have a relevant impact on track degradation, as 

discussed in more detailed in the following section. 

TRACK ST IFFNESS AND ITS IMPACT ON THE MECHANICAL BEHAVIOR OF THE TRACK 

It is generally assumed that increasing track vertical stiffness contributes to better support of the 

influencing traffic loads (static and dynamic) thus reducing track deterioration geometry rates. A 

minimum track bearing capacity and stiffness is required in order to ensure that the rolling stock would 

never submit the structure to loads so high that they endanger the structural strength (and sometimes 

the onset of rapid deterioration). This may however happen in cases of excessive track settlements 

when high bending stress in the rails might occur. However, excessive vertical stiffness can also be a 

problem due to the increase of track dynamic loads, as shown since the results published by 

tǊǳŘΩƘƻƳƳŜ όмфтлύΦ .ŀǎŜŘ ƻƴ ǘƘƛǎ ǊŜŀǎƻƴƛƴƎΣ ƛƴ ǘƘŜ ƭŀǎǘ ŘŜŎŀŘŜǎΣ ǎŜǾŜǊŀƭ ŀǳǘƘƻǊǎ ŀƴŘ ǊŜǎŜŀǊŎƘ 

projects have been discussing in the literature the importance of track vertical stiffness and which 

should be its appropriate or optimum value for a given railway track. Example on this is, e.g. Sussman 
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et al., 2001; Dahlberg, 2003; Teixeira, 2003; Hunt, 2005; López Pita et al. 2004; Iwnicki, 2006; Li and 

Berggren, 2010; Puzavac et al., 2012; Andersson et al., 2013. These are mentioned from the last decade 

and among many others. The global conclusion is that a high track stiffness of the substructure is 

recommended, although modulated with a good elasticity of the superstructure to reduce dynamic 

loads and its impact (e.g. acting soft railpŀŘǎΣ ǎƭŜŜǇŜǊ ǎǇŀŎƛƴƎΣ ¦{tΣ ¦.aΧύΦ 

Track stiffness of the substructure is highly influenced by the natural geological profile characteristics. 

Note that the substructure may include several layers of soil material with different characteristics, 

hence the total track stiffness will be the combination of the stiffness of the different soils. The 

subgrade is in fact the most variable element of the track structure: it consists of different materials, 

which may be vulnerable to weather conditions and suffer seasonal thickness variations due to 

hydrologic and climate conditions low temperature and therefore induce variations on its elasticity 

modulus.  

Since the subgrade condition is subject to weather, extremes of temperature and moisture, the track 

stiffness may also vary with seasonal changes. 

I NFLUENCE OF ( VARIAT IONS OF)  TRACK ST IFFNESS  

Track stiffness varies fairly randomly along the track. Variations between bridges, tunnels and natural 

platforms are the most common examples of important stiffness variations. However, even in plain 

track on a natural platform important stiffness variations may often occur. Several causes can 

contribute to these stiffness variations. Some of these are: 

- transition zones between landfill 

- excavations sites or other types of constructions 

- geology of the site 

- embankment material type 

- thickness of track bed layers 

- deficient compactness 

- presence of culverts or small underpass structures 

- moisture content in the subgrade 

- harsh seasonal climate conditions where freeze-thaw cycles may induce variations on track 

stiffness if the track is not correctly designed for dealing with such conditions. 

Surprisingly, research has shown that even in high-quality railways, where the design and construction 

of the track structure are carefully monitored, the same variability in support conditions appear 

(Teixeira, 2003). Several authors, such as Li and Berggren (2010), have demonstrated that varying track 

stiffness causes variations in dynamic loads. This usually causes differential settlements and 

consequently differential track geometry deterioration that continually grows if not properly 

maintained. Measurements have shown that larger geometry defects tend to coincide with sections 

of sudden stiffness variations (Berggren, 2009; Burrow et al., 2009).  
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A recent study performed by IST (Ribeiro, 2014) in collaboration with EBER Dynamics AB further 

confirmed the possible influence of vertical track stiffness on track geometry degradation. The study 

assessed data from stiffness measurements recorded in 2012 with the IMV100 see Figure 4.2 against 

the maintenance history and longitudinal level deterioration rates of the Iron Ore line in North Sweden. 

The analysis suggests a correlation between higher rates of degradation of local defects and sudden 

stiffness variations, as well as evidence that higher stiffness variations tend to have a correlation to 

higher frequencies of maintenance operations. 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4.2 ς REGISTERS OF TAMPING OPERATIONS ASSOCIATED TO SUDDEN STIFFNESS VARIATIONS. SOURCE: RIBEIRO 

(2014) 

THE ROLE OF TRACK STIFFNESS MEASUREMENTS IN  TRACK MAINTENANCE AND UPGRADING 

Given the important role played by subgrade stiffness, the measurement of track stiffness has a great 

potential for track maintenance management as an indicator of the root causes at problem sites as 

well as revealing needs for track upgrading especially when the accommodation of higher speeds 

and/or axle loads are considered. 

Measurement of track irregularities is the most used automated condition assessment technique in 

railway maintenance. Most problems with the track (at least the ones concerning ballast and 

substructure) will be visible as track irregularities. However, the root cause of the problem cannot be 

detected with the help of track geometry measurements. In these cases, track stiffness measurements 

can be a valuable complement. However, it is also important to be aware that track stiffness 

measurements cannot indicate the root cause of a problem in all cases. 

Tamping 

works 

Long. 

Distance  

Track stiffness 
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The main causes of subsoil problems are described by Li and Selig (1995) as: 

- Load factor: there are two types of load factors, material dead-weights and repeated dynamic 

loading; 

- Soil factor: a problematic subsoil will not generally consist of coarse-grained soils (gravel and 

sand) but most likely will be fine-grained soils (silt and clay) due to the lower strength and 

permeability of the latter materials; 

- Soil moisture: almost every subsoil problem can be put in relation to high moisture content in 

the fine-grained soil. The presence of water in the subsoil can reduce the strength and stiffness 

of soils dramatically; 

- Soil temperature: soil temperature is of concern when it causes cycles of freezing and thawing. 

Most often, a subsoil problem area will involve several of the above-mentioned factors. 

In general, the common track problems may be related to track stiffness and maintenance actions as 

summarized in Table 4.1. 

TABLE 4.1 ς RELATION BETWEEN STIFFNESS AND TRACK PROBLEM/ MAINTENANCE. 

Parameter Problem Maintenance/Mitigation 

Low track stiffness Poor or weak subgrade soil 
Substructure design Stabilization of 
subgrade soils 
Reinforcement of soil strength  

Variable track stiffness 
Variable track support  
(stiffness or modulus) 

Matching rail seat pads 
Substructure redesign 

 

Whenever low values of track stiffness are recorded, it most likely indicates a weak subgrade condition 

at the location since subgrade properties most influence the value of track stiffness. Maintenance for 

these conditions can involve design and reconstruction of the track substructure layers, possibly in 

conjunction with some geotechnical measure regarding soil reinforcement (Sussmann et al., 2001). 

Variable track stiffness indicates conditions in which a rapid variation in track support at the design 

load occurs. The variation in track stiffness results in distortion of an initially smooth-running surface 

due to differential elastic track deflection that may induce also irreversible settlements. Methods used 

to improve this track condition include design of rail seat pad stiffness, design of the substructure, and 

use of ballast mats. Suiker and Esveld (1997) and Lundqvist (2005) have presented research within the 

area of stiffness variations. López-Pita and Teixeira (2001; 2002) and Grainger et al. (2001) also argued 

for the importance of adopting a maximum variation criterion, i.e. the need to assure the homogeneity 

of track stiffness. 
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THE ROLE OF TRACK STIFFNESS MEASUREMENTS IN  MITIGAT ING NOISE AND VIBRATION 

Noise problems originate most often from the superstructure and especially the wheelςrail contact. 

The main influencing factors are rail and wheel roughness, track receptance, wheel receptance and 

the decay rate of the rail. For noise, only frequencies in the audible band are of interest (20 ς 20000 

Hz). The upper limit regarding emission from the track is 2000 ς 5000 Hz (Hildebrand, 2001; Aknin and 

Chollet, 1999). There is of course noise at higher frequencies, for example wheel and braking noise, 

but the track (rail) is not dominant. Jones and Thompson (2001) stated that the noise radiated by the 

track is strongly related to the stiffness of the rail fastening, in particular the rail pad between the rail 

and the sleeper. Soft pads cause the rail to become uncoupled from the sleeper, which minimizes noise 

from the sleeper but allows the rail to vibrate more freely. Waves can therefore travel over a greater 

distance and the noise from the rail is increased. Conversely, with stiff pads the contribution from the 

rail is reduced but noise emitted from the sleeper is increased. 

Concerning ground borne vibration problems, we can divide the vibration path into source 

(train/track), way of propagation and receiver (buildings etc.). With track stiffness measurements, it is 

obvious that only the track can be measured and not the way of propagation between the track and 

the receiver. Ground borne vibrations are propagated through the soil, meaning that a soil with low 

stiffness and/or a clear resonance can propagate vibrations easily. However, the measured track 

stiffness is the total stiffness and does not only consist of the soil stiffness. A vibrating clay soil with a 

high embankment can have the same average stiffness as a normally vibrating gravel soil with a low 

embankment. Smekal et al. (2003) showed an example of how the low frequency soil properties can 

be filtered out with the help of stiffness measurements at different frequencies, thus leading to 

identification of potentially problem sites regarding vibrations. Berggren (2005) demonstrated how 

soft soil properties could be estimated from dynamic stiffness measurements. See also section 4.1.3. 

4.1.2 METHODS FOR SUBGRADE QUALITY ASSESSMENT 

Several methods might be used to assess the quality of the substructure. The main techniques 

regarding measurement of substructure stiffness and geophysical inspection of the subgrade condition 

are discussed in the following sections.  

TRACK SUBSTRUCTURE STIFFNESS MEASUREMENT 

Different ways of measuring vertical track stiffness have been developed by organisations throughout 

the world. Until today most used methods consisted in standstill measurements by simulation of 

vehicle loadings or measurement of parameters associated to subgrade material properties. These 

measurements were often used for research purposes (Berggren, 2009; Hunt, 2005). In contrast, 

rolling measurement techniques have the potential of being used on a regular basis for maintenance 

purposes. They have been applied successfully in the last years and research for improvements is still 

on going.  
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The research and improvement of measurement techniques, especially rolling measurement 

techniques, will allow an improved data interpretation. These results will be key for optimal planning 

of upgrading and maintenance activities and consequently optimal use of the maintenance budget. 

The appropriate equipment must be selected based on the frequency of measuring track stiffness 

(Berggren, 2009). As the same author states, άǎǘŀǘƛŎ ŀƴŘ ƭƻǿ ŦǊŜǉǳŜƴŎȅ ŘȅƴŀƳƛŎǎ ƻŦ ǘƘŜ ǘǊŀŎƪ ŀǊŜ 

Ƴƻǎǘƭȅ ǊŜƭŀǘŜŘ ǘƻ ƎŜƻǘŜŎƘƴƛŎŀƭ ŀƴŘ ƎŜƻŘȅƴŀƳƛŎŀƭ ƛǎǎǳŜǎέ ǎǳŎƘ ŀǎ ōŜŀǊƛƴƎ ŎŀǇŀŎƛǘȅ ƻŦ ǘƘŜ ǎǳōƎǊŀŘŜΣ 

ground borne vibrations and soft-ǎƻƛƭ ǊŜƭŀǘŜŘ ǇǊƻōƭŜƳǎ ǿƘƛƭŜ άƘƛƎƘ ŦǊŜǉǳŜƴŎƛŜǎ ǊŜƭŀǘŜ ǘƻ ǇǊƻōƭŜƳǎ 

associated with noise and trainςǘǊŀŎƪ ƛƴǘŜǊŀŎǘƛƻƴ ŦƻǊŎŜǎέΣ ōŜƛƴƎ ǳǎŜŦǳƭ ǿƘŜƴ ŎƻƴǎƛŘŜǊƛƴƎ ǘƘŜ ǳǇǇŜǊ 

layers (Andersson et al., 2013). 

STANDSTILL MEASUREMENTS 

Standstill measurements are executed at discrete intervals. According to Berggren (2009), there are 

four main standstill devices used for measuring vertical stiffness: 

a) Instrumentation of track components 

The instrumentation of track components ς e.g. with the attachment of accelerometers, displacement 

sensors or strain gauges ς  to measure the effect of the rolling stock on the structure in a set of sleepers, 

and/or rails, is the simplest method for measuring the vertical track stiffness. Stiffness is then related 

to the obtained loadςdeflection diagrams. 

b) Impact hammer 

The controlled impact of a handheld hammer equipped with a force transducer on the head, to 

measure impulse load, on an instrumented rail or sleeper is another way of standstill vertical stiffness 

measurement. This technique consists on measuring the impulse force of the hammer and the 

acceleration registered on the transducer. In this manner, the transfer function on the impact surface 

is obtained. Depending on the material used to cover the hammerhead, different frequencies can be 

recorded (from 50 Hz up to around 1500 Hz). For noise and vibration work this is a reasonable method 

but not for track deterioration investigation (Hunt, 2005). 

c) Falling Weight Deflectometer (FWD) 

The Falling Weight Deflectometer was adapted by the railway industry after being originally developed 

for evaluation of the static stiffness of the trackbed layers, including the subgrade, on highways (Bold, 

2011; Shein et al., 2007). The testing method consists in dropping a mass from a known height onto a 

footplate placed upon a sleeper disconnected from the rails, to simulate traffic loading. Geophones 

placed at various distances from the point of impact automatically record the deflection through the 

measurement of the surface velocity and its integration (Berggren, 2009). The requirement of 

disconnecting the sleepers for applying the test makes this procedure very time-consuming and 

expensive (Bold, 2011). 

d) Track Loading Vehicle (TLV) 

¢ƘŜ ŀƛƳ ƻŦ ǘƘƛǎ ǘŜŎƘƴƛǉǳŜ ƛǎ ǘƻ ǳǎŜ ƘȅŘǊŀǳƭƛŎ ƧŀŎƪǎ ŦƻǊ ƭƻŀŘƛƴƎ ǘƘŜ ǘǊŀŎƪ ǿƛǘƘ ǘƘŜ ŜǉǳƛǇƳŜƴǘΩǎ own 

weight and then measure the applied deflection. The latter can be made through a laser system 
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(McVey et al., 2005). The weight is usually applied on the rails but similarly to the Falling Weight 

Deflectometer technique, sleepers can also be disconnected and loaded. Some available equipment is 

able to excite dynamically the track up to 200 Hz (Berggren, 2009). 

The Swedish track loading vehicle (TLV) in Figure 4.3 has a weight of 49 tons and can load each rail 

statically up to 150 kN and excite dynamically up to 200 Hz. In addition, lateral stability/stiffness can 

be measured. 

 

FIGURE4.3 ς THE VERTICAL AND LATERAL HYDRAULIC ACTUATORS OF THE SWEDISH TLV. 

ROLLING MEASUREMENTS 

If track vertical stiffness is investigated over large distances or even the whole track, standstill 

measurements are virtually impossible to carry out, as they are very time-consuming and expensive. 

Therefore, rolling measure vehicles have been developed by several organisations (Berggren, 2009). 

There are two main development approaches: one is based on dynamic measurements on a single 

axle, and the other is based on laser-measurement of the vertical deflections under applied loads. 

In all approaches, it is important to discriminate different conditions or defects that may influence the 

continuous measurement of track vertical stiffness. That discrimination is made based on the 

ǿŀǾŜƭŜƴƎǘƘ ό˂ύ ƛƴǘŜǊǾŀƭ ƻŦ ǎƻƳŜ ƻŦ ǘƘŜǎŜ ŘŜŦŜŎǘǎ ό.ŜǊƎƎǊŜƴ Ŝǘ ŀƭΦΣ нллнύΣ ¢ŀōƭŜ пΦнΦ ¢Ƙƛǎ ƛǎ ŀƴ ƛƳǇƻǊǘŀƴǘ 

aspect for choosing excitation frequencies for measuring (Berggren et al., 2005). 

TABLE 4.2 ς WAVELENGTHS OF IMPERFECTIONS THAT INFLUENCE STIFFNESS MEASUREMENT (BERGGREN ET AL., 2002). 

Imperfection Wavelengths 
Track geometry irregularities: 

- Longitudinal level 
- Cross level 

м  ғ  ˂  ғ  мрл Ƴ 

Rail shape faults: 
- Rail corrugation/roughness 
- Welds/joints 

л  ғ  ˂  ғ  о Ƴ 

Discrete foundation of the rail by 
sleepers 

лΦр  ғ  ˂  ғ  лΦт Ƴ 
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Below some examples of measurement, techniques for rolling vertical track stiffness employed in 

different countries are summarized: 

SWEDEN 

The RSMV (Rolling Stiffness Measurement Vehicle) operates at maximum speeds of 50ς60 

km/h and can measure dynamic stiffness up to 50 Hz (Berggren, 2006, 2009; Berggren et al., 

2002). It was developed in Sweden, by Banverket (now Trafikverket), initially as a prototype 

trolley that could be used together with the Swedish TLV (Berggren et al., 2002). After 

successful tests, it was upgraded and built on a modified two-axle freight wagon. The 

measurement technique is based on a hydraulic system that dynamically excites the track at 

one or several selected discrete frequencies, with two oscillating masses connected to force 

transducers mounted on top of the axle box of one of the wheel axles (Figure 4.4). The applied 

force is a minimum of 180 kN regarding the static axle load and a maximum amplitude of 60 

kN (30 kN per oscillating mass) for the dynamic axle (Berggren, 2009; Berggren et al., 2002, 

2005). Resulting forces and accelerations are measured by force transducers and 

accelerometers placed on both axle boxes of the wheel-set enabling the estimation of track 

stiffness at different excitation frequencies (Berggren, 2009; Berggren et al., 2005). 

 

FIGURE 4.4 ς MEASUREMENT PRINCIPLE (ONE SIDE ONLY) OF RSMV (BERGGREN ET AL., 2005). 

USA 

The Transportation Technology Center, Inc. (TTCI) developed a track loading vehicle (TLV) for 

measuring track stiffness at standstill and at speeds up to 16 km/h, when coupled with an 

empty tank car. For standstill measurements, the TLV works as previously described. The 

lighter vehicle has a pneumatic system for loading the track and a measurement system for 

measuring deflections. For obtaining the track stiffness, the difference between the 
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measurements with heavy (178 kN) and light (44 kN) loads is calculated (Berggren, 2009; 

Burrow et al., 2009). Some results from the TTCI measurements are shown in Figure 4. 5. 

 

FIGURE 4.5  ς EXAMPLES OF RESULTS FROM TTCI MEASUREMENTS (LI ET AL., 2002). 

CHINA 

The China Academy of Railway Sciences (CARS) developed an inspection equipment with a 

system that uses two cars of different weight for loading the track. The displacement is 

measured with two track geometry chord measurement systems. The heavier vehicle 

measures the track stiffness and its weight can be varied for enabling the measurement of 

non-linear characteristics of the track structure. The lighter vehicle is used to reduce the effect 

of track geometry irregularities for the recordings made by the heavier vehicle. It can measure 

at travel speeds up to 60 km/h (Berggren, 2009; Burrow et al., 2009). 

FRANCE 

The CETE-Normandie Centre created the Railway Portancemetre by adapting a technology 

used for monitoring stiffness on roads to railways (Figure 4.6). In an approach similar to that 

of the RSMV (although in a lighter version), a dynamic load is applied to the track through a 

vibrating wheel suspended by a spring and a damper. For road testing, 10 kN of static weight, 

0.5 mm of theoretical amplitude, at 35 Hz is used. For rail testing these characteristics will be 

changed with increased loads (both static and dynamic) and possibilities to alter the frequency. 
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FIGURE 4.6  ς THE άtORTANCEMETREέ APPARATUS (INNOTRACK, 2010). 

 

SPAIN 

In the INNOTRACK project, procedures to measure the track stiffness based on the use of 

external sensors mounted on rails were developed. These are currently used in Spain. 

They have been used to detect the wheel loads and rail movements induced in track by trains 

operating the railway lines. The wheel loads were assessed by a method based on the 

determination of the maximum shear stress induced in the rail cross section by the pass of the 

trains, while both direct and indirect methods have been adopted for measuring rail 

deflections. 

The measurements have been achieved with the following pieces of equipment:  

¶ Extensometer shear bands  

¶ Laser beam sensors, see Figure 4.7 

¶ 2 Hz geophones, see Figure 4.8 

The procedure was explained in detail in the documentation of the the project INNOTRACK, 

see (Ekberg and Paulsson, 2010) and references therein. 



  
D11.5 ς  Upgrading of infrastructure in order to 

meet new operation and market demands (Final) 

 

 
 

CAPACITY4RAIL 
SCP3-GA-2013-605650 

01/09/2017 

 

CAPACITY4RAIL PUBLIC Page 35 

 

FIGURE 4.7 ς LASER SYSTEM USED FOR MEASURING RAIL DEFLECTIONS DIRECTLY 

 

FIGURE 4.8 ς GEOPHONE OF 2 HZ PROVIDED WITH THE ADEQUATE SUPPORT TO BE CLAMPED TO THE BASE OF A STANDARD 

RAIL 
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OUTCOME OF DIFFERENT MEASUREMENT TECHNIQUES 

Vertical track stiffness measurements are unlikely to match exactly if two or more methods are used 

to test the same track. Some of the circumstances that might be different are summarized below 

(Berggren, 2009; Hosseingholian et al., 2009): 

- The static preloads applied by each measurement equipment differ and those differences are 

likely to cause different recorded stiffness values; 

- Some of these techniques are based on running wheel-sets which means that the track will be 

excited by a load passing with the vehicle speed. Depending on this running speed, the track 

will be excited by a specific frequency. As the dynamic track stiffness is frequency dependent, 

the excitation frequency, hence speed, will make the determined stiffness vary; 

- The spatial resolution from each measurement technique may be different; 

- To calculate the rail deflection based on deflections not measured directly under the wheel-

set, approximations are invoked in mathematical models. These may introduce uncertainty in 

obtained results. Therefore, model dependency is another factor that may lead to variations in 

measured vertical track stiffness; 

- Track geometry irregularities are likely to influence stiffness measurements since most of the 

available equipment usually measures track stiffness through sensors that obtain results that 

are a combination of deflection due to track flexibility and track geometry irregularities (mainly 

longitudinal level). 

GEOPHYSICAL IN SPECTION OF SUBSTRUCTURE DEFECTS 

Geophysical investigations are based on observation of changes in physical fields. Research and 

retrieval of information from archival reports enables the set-up of an optimal combination of 

geophysical methods for an efficient diagnose. Based on the problem nature, the methods listed below 

are used in full combinations, incomplete combinations or separately. 

- GPR (Ground Penetrating Radar); 

- Resistivity profiling; 

- Multielectrode (resistivity) measurements; 

- Seismic methods; 

- Gravimetry. 

GPR (GROUND PENETRATING RADAR)  

Ground penetrating radar (GPR) can provide a rapid, non-destructive measurement technique for 

evaluating the substructure condition of a railway track. Methods of applying GPR to railways have 

been developed to provide a continuous evaluation of the track substructure conditions relative to 

subsurface layering, material type, moisture content and density. Typically, for railroad applications 

the GPR equipment is mounted on a rail-vehicle with clearance between the antennas and the track 

surface, which permits continuous measurements to be made from above the top-of-rail at normal 



  
D11.5 ς  Upgrading of infrastructure in order to 

meet new operation and market demands (Final) 

 

 
 

CAPACITY4RAIL 
SCP3-GA-2013-605650 

01/09/2017 

 

CAPACITY4RAIL PUBLIC Page 37 

vehicle speeds (Figure 4.9). Usual penetration depth in performing measurement beyond the track is 

8 m (maximum) and 2.5 m within the track skeleton. 

 

FIGURE4. 9 ς GPR RAIL-SETUP WITH THREE PAIRS OF 1-GHZ HORN ANTENNAS (SELIG ET AL., 2003). 

The GPR method requires transmitting pulses of radio energy into the subsurface and receiving the 

returning pulses that have reflected off interfaces between materials with different electromagnetic 

properties. This is illustrated in Figure 4.10. It is a pulse echo technique using radio energy. Antennas 

are moved across an area emitting a continuous series of radar pulses, and thus receiving a profile of 

the subsurface. 

 

FIGURE4.10  ς THE GENERATION OF A GPR PROFILE: A) TRANSMISSION PRINCIPLES; B) SINGLE GPR SCAN (SELIG ET AL., 

2003). 

The key material properties influencing the measurement are the dielectric permittivity, the electrical 

conductivity, and the magnetic permeability. These properties control the velocity with which the radio 

pulses travel through the material and the decay in amplitude of the pulse with distance. The pulse 

travels faster through a low dielectric permittivity material than a material possessing a higher 

dielectric permittivity. In contrast to permittivity, the conductivity of the material dictates how quickly 
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the pulse of radio energy decays in amplitude (attenuates) with distance. It thus controls how deep 

the pulse will penetrate. These two properties are the most influential.  

Reflections of the GPR pulse occur at boundaries in the subsurface where there is a change in the 

material properties. Only a portion of the pulsed signal is reflected and the remaining part of the pulse 

travels across the interface to be reflected back to the receiver from another interface boundary. The 

time it takes the pulse to travel through the layer and back is controlled by the thickness and properties 

of the material. The travel time between upper and lower boundaries of a layer can be used to calculate 

the layer thickness by employing a known velocity. 

Material and moisture variations within the track substructure cause distinct material differences that 

are easily recognized by GPR. Water has the highest dielectric permittivity of the materials found in 

substructures. It produces a strong effect on the GPR profiles. In an area where water has been trapped 

in the substructure, the dielectric permittivity is increased, resulting in a stronger reflection than if it 

the material was drier. The GPR profiles are manipulated to extract layer thickness and permittivity 

(related to the material density and water content). 

The implementation of predictive maintenance policies requires firstly a detailed knowledge of the 

state of the railway platform, and secondly a comparison over time to determine performance 

thresholds. To achieve these goals a non-invasive diagnostic tool is needed. This tool must be able to 

investigate continuously large sections of track with sufficient resolution and high sampling rates. In 

this regard GPR has been proven in the past to be the most suitable choice. 

GPR is a shallow geophysical technique capable of generating 2D- and 3D-presudoimages of the 

subsurface structure. The advantage over other conventional techniques such as boreholes or trenches 

is that it is a non-invasive method that is also fast and versatile, with acquisition speeds up to 80 km/h. 

The propagation wave speed depends on several properties of the medium that produce absorption 

and scattering of the signal. These variations on the pulse shape can be directly related to the various 

conditions of the platform. The most important parameters whose properties can be investigated with 

GPR in railway applications are: 

¶ Thickness of the different layers (ballast, sub-ballast, subgrade). 

¶ Degree of contamination of the ballast 

¶ Moisture content of the ballast 

¶ Possible settlement areas 

To determine the thickness of each layer it is necessary to identify first the reflector for each interface 

(e.g. ballastςsub-ballast interface) and then the pulse velocity in that layer. Usually, the velocity is 

obtained by correlating the GPR information with data obtained from direct sampling of the platform 

(trenches or boreholes). The traditional approach is based on the interpolation of sparse data 

throughout long distances with the associated uncertainties. With the aid of GPR data this approach is 

no longer necessary and continuous information can be derived. It is also possible to directly measure 
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the velocity of the GPR pulse in each of the layers using variable offset measurements like WARR (Wide 

Angle Refraction and Reflection) or CMP (Common Mid-Point) (Jol, 2009). Such tests were done 

manually in the past making data collection painfully slow. The use of modern antenna arrays 

significantly reduces data acquisition times, which makes these kinds of techniques very valuable. 

GPR pulses in ballast are affected by contamination from the fine-grained material from the subgrade. 

The most obvious effect is an attenuation in higher frequencies (Leng & Al-Qadi, 2009). Other visible 

effects are the appearance of reflectors inside the ballast, the loss of intensity of the reflector at the 

base of the ballast and a decrease in propagation velocity. 

The pulse velocity depends on the composition of the materials and the degree of moisture and 

contamination (Figure 4.11). In the case of clean ballast, the velocity ranges between 0.12 m/ns and 

0.21 m/ns. For ballast contaminated with fine-grained material, it ranges between 0.08 m/ns and 0.12 

m/ns (Göbelet al., 1994). This property makes pulse velocity determination of outmost importance. 

 

 

 FIGURE 4.11 ς DIFFERENT DEGREES OF CONTAMINATION IN BALLAST 

Water content is one of the parameters that mostly affects the GPR pulse (Huisman et al., 2003) 

producing a large reduction of the pulse velocity and the appearance of reflectors of high amplitude 

and low frequency. Moreover, the thickening of the ballast layer indicates subsidence areas. The 

investigation of these zones by three-dimensional models contributes to detailed information of the 

morphology and extension, which allows considering the intensity of the deformation. 

To determine the most suitable GPR system from those available in the market, a series of tests were 

carried out in Spain. Equipment from three different manufacturers were tested. The first test was 

carried out in June 2009 with a Ground Coupled system (250 and 500 MHz) from MALA Geoscience. 

Data were acquired every 2cm referencing the data with a submetric GPS. The second system was the 

Norwegian built 3D-Radar composed by an array of 21 antennae spaced 7.5cm apart (across measuring 

direction) with step-frequency technology allowing acquisition of data between 100 and 3000 MHz. 

The GPR array was installed in the front of an ADIF maintenance train (Figure 4.12). Tests were 

performed at low speed (4 km/h for maximum resolution) and high speed (80 km/h for low resolution). 

Positioning was achieved using a submetric GPS. The last system employed in this comparison was 
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from the Italian manufacturer IDS and composed of three aircoupled 400 MHZ antennae. The system 

was also installed in front of an ADIF maintenance train. Measurements were done every 6 and 12cm 

at acquisition speeds between 60 and 80 km/h. 

 

FIGURE 4.12. 3D-RADAR GPR SYSTEM TESTED MOUNTED ON THE FRONT OF AN ADIF MAINTENANCE TRAIN. 

GPR ability as an efficient tool for ballast and subgrade condition assessment was tested. CMP 

measurements allow determining the pulse velocity inside the ballast layer. Using this parameter, the 

total thickness of the ballast layer and its degree of contamination can be determined. 

Knowledge about ballast thickness variations with time will allow quickly identifying areas under 

subsidence and adopting correction measures before further major defects are developed. 

The final goal is to efficiently plan maintenance works and to increase the safety of day-to-day 

operations. Pulse velocities are very sensitive to humidity and contamination of the ballast layer. This 

property makes pulse velocity determination a tool to pin down areas prone to suffer defects in the 

near future. 

Finally, a better understanding of current ballast and subgrade conditions is crucial to understand 

future evolution in order to plan maintenance works in a proactive way. This is especially important 

when upgrading has taken place on order to reduce costs and increasing operational reliability levels. 

LONG TERM SETTLEMENTS 

Different kinds of track stiffness measures were evaluated within Eurobalt II and within INNOTRACK. 

These included stationary (standing still) measurements and measurements with the Track Loading 
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Vehicle (TLV); and continuous measurements performed with the Rolling Stiffness Measurement 

Vehicle (RSMV) (the latest). 

The measured data included the evolution in time of track stiffness as well as the difference registered 

in these measures for adjacent sleepers and between the left and right side of the track. Track stiffness 

measurements from the RSMV were registered based on noise excitations performed with a speed of 

5 km/h and a frequency of 3ς20 Hz that allowed measuring the stiffness magnitude at different 

frequencies. 

The obtained results enabled the identification of problematic situations such as spots where water 

was trapped within the substructure layers and track sections with excessive track stiffness variations 

due to subsurface drainage components or trenches. The evolution of the track stiffness for a given 

track section and an investigation of the evolution of settlements over time also permitted the 

recognition of weaker sections of the track. Moreover, parallel monitoring of weather conditions (soil 

and air temperature, precipitation and relative humidity) allowed establishing some causality between 

track stiffness variations and the atmospheric conditions.  

Lƴ нллт ŀƴ ƛƴǾŜǎǘƛƎŀǘƛƻƴ ά[ƻƴƎ ǘŜǊƳ ǎŜǘǘƭŜƳŜƴǘǎ ƛƴ ǘƘŜ ǘǊŀŎƪ ōŜŘ ŀƴŘ ǎǳōǎƻƛƭέ ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘΦ Lǘ ǿŀǎ ŀ 

follow up from the EU-project Eurobalt II. Banverket continued to perform long-term measurement at 

Swedish test sites. 

RESISTIVITY PROFIL ING 

This technique relies on the measurement of electric resistivity of ballast. The basic measurement array 

is characterized by the use of two inner ς potential ς electrodes and two outer ς current ς electrodes 

Symmetric Resistivity Profiling (SRP). To detect thin conductors, one additional distant current 

electrode is used Combined Resistivity Profiling (CRP). Resistivity magnitude increase with a decline of 

water content and a decline of mineralization. Resistivity magnitude further rises in relation to the soil 

grain size curve (resistivity magnitude rises with increasing size of soil grains). The measurement 

proceeds in profiles/survey lines. The lines, if allowed by field conditions, are laid out in parallel with 

one another. The measured data is largely presented in the form of graphs. In the event that the 

measurement covers a more extensive area, it can be processed also in the form of resistivity contour 

lines. 

The methods of resistivity profiling are used, for example, to differentiate clays from gravels or to 

follow the profile of bedrock. The method may also be applied to observe intensively water-bearing 

areas, and to detect tectonic lines (thin conductors). In a railway context, the recommendation is to 

use this method to observe the geological conditions close to the railway body and/or changes in 

embankment composition. Usual measuring intervals at a profile is 5 m to 10 m. Nevertheless, the 

method is quite undemanding regarding the instrumentation and shows high working productivity. A 

disadvantage of the method is potential measurement interference caused by stray currents and by 

the presence of conductors in the ground. 
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MULTIELECTRODE METHOD ( RESISTIVITY TOMOGRAPHY)  

As is the case for the resistivity profiling, this method is based on the measurement of electric resistivity 

in stones. However, the measurement proceeds using a computer, which allows controlling the 

interconnected input from tens to hundreds of electrodes. The measured data are recorded, and 

stored in extensive and detailed databases of apparent resistivities related to the points in the studied 

medium. The database of apparent resistivities is further interpreted, which allows for a reliable 

interpretation model of resistivity conditions with much higher confidence levels than for resistivity 

profiling. An example is presented in Figure 4.13. Certain special apparatuses allow interpretations in 

three dimensions and iso-ohmic cross sections. 

 
FIGURE 4.13 ς EXAMPLE OF RESISTIVITY CROSS SECTION PRODUCED BY MULTIELECTRODE METHOD ON TRACK 

(INNOTRACK, 2010). 

In a railway context, the method can be recommended for detailed observation of resistivity 

conditions. In performing the measurement on railway tracks, most often the employed distance 

between the electrodes is 0.4 to 4 m. The acquired volume of information is a manifold higher than if 

GPR, SRP or CRP methods are employed. Disadvantages of the method is the relatively large labour 

needs, and the high price of the geophysical apparatus and interpretation software. 

SEISMIC METHODS 

Seismic methods are based on observation and measurement of propagation of elastic waves. Seismic 

hammer blows on pad (blow seismic) most often excite seismic impulses. For versions with penetration 

depth of more than 30 m, explosives are often used as a source of seismic impulses (dynamite seismic). 

In addition, vibrators can be used as a source of seismic impulses. These are able to excite frequencies 

in a wide range (vibrator seismic). 

In the measurements, seismic sensors (geophones) interconnected with the apparatus are used. The 

measurement outputs have a direct link to the geotechnical properties of the medium: The velocity of 

seismic wave propagation is dependent on bulk density and modulus of elasticity. Rising values of the 

modulus of elasticity are associated to a medium showing higher solidity (the highest values of 

modulus of elasticity are shown by solid rocks and low values of modulus of elasticity correspond to 

soils). It is recommended to include seismic, especially in detailed measurement phases where shorter 

track segments are examined. A disadvantage of the seismic measurements is that they are labour 

intensive, have high processing complexity and are costly. 
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GRAVIMETRY 

This method is based on highly accurate measurement of changes in gravity. To introduce 

topographical corrections, it is necessary to simultaneously perform accurate levelling. The works 

proceed at profiles (survey lines) and in a grid. Solid objects, such as elevations of solid rocks, show 

positive anomalies. Deficits of mass (such as cavities, increased porosity) show a resulting negative 

anomaly. A characteristic output of gravity measurements are graphs with the course of the measured 

and corrected gravity values, or interpreted gravity models. The models express the measured 

distribution of mass in a way best fitting the measured values. 

The measurement interval at the profiles on railway tracks largely ranges between 0.5 and 20 metres. 

The measurement results have a direct relation to bulk density of the studied structures. The 

advantage of the work with a gravimeter is a relatively small effect of the presence of stray currents 

on the measurement. The final data processing requires the availability of not only the gravity data, 

but also precise hypsography of all measured gravimetric points and a topographic plan of the broader 

surroundings of the track. 

GEOMECHANICAL IN VESTIGATIONS OF SUB STRUCTURE PROBLEMS 

The depth of the substructure that influences the track stiffness is at least several meters below the 

top of the subgrade. Given that subgrade resilient modulus varies by a large amount from point to 

point along the track, the subgrade plays a central role in the global stiffness of the track and also 

influences its overall performance. When carrying out substructure assessment aimed at upgrading, it 

is fundamental to be able to perform an adequate analysis and prediction of the track performance as 

well as to identify the main causes of subgrade related performance. Hence, in order to correct 

substructure problems, a previous knowledge on the root causes is required.  

The necessary extent of the knowledge related to the substructure condition depends on the specific 

problem and might include relevant information such as the depths of the distinct soil or granular 

layers; the identity and physical properties of the materials; and the groundwater conditions. 

Nevertheless, the above information is usually not known. Therefore, a field investigations and 

laboratory tests are often needed as supplement. The following sections identify means for obtaining 

information related to the causes of the substructure problems. 

 CHARACTERIZATION OF MAJOR SUBSTRUCTURE PROBLEMS  

The root causes of an unstable substructure might be associated to any of the ballast and sub-ballast 

layers or to the subgrade. Very often, unstable substructures are also associated with poor drainage. 

Due to poor drainage, the trackbed layers may become weak and deform excessively. This leads to 

poor track geometry, which in turn causes higher wheel/rail forces (see (Ekberg and Paulsson, 2010). 

In the ballast layer, fouled ballast is often the major problem since it has very high stiffness and little 

damping, and therefore is not capable of accommodating high wheel/rail forces associated with a poor 

track geometry. Moreover, a saturated sub-ballast layer due to fouling materials and poor drainage 
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can lose its strength under repeated dynamic wheel loads, thus representing a source of instability for 

the substructure. It may also be frost sensitive.  

A subgrade built with soft or marginal soil can become unstable either in a progressive manner or 

suddenly. Sudden failures rarely occur, unless there is a dramatic change of environment (such as high 

rainfall and flooding) or load conditions (such as a large increase in wheel loads). However, progressive 

deformation (shear) is relatively common whenever the subgrade is built from soft or marginal soil 

types. This progressive deformation can become rapid, leading to rapid track geometry degradation 

when speed or axle loads increase since the bearing capacity of the subgrade soils may not be sufficient 

to withstand the stresses caused by the increased traffic loads. In addition, poor drainage or entrance 

of water into the subgrade may reduce soil strength, leading to excessive deformation or unstable 

substructure. 

Table 4.3 presents the causes and features associated to major subgrade problems. Relating a problem 

to its root cause is of great importance when assessing the need for rehabilitation or upgrading of the 

substructure. 

TABLE 4.3 ς MAJOR SUBGRADE PROBLEMS, CAUSES AND FEATURES (AFTER SELIG, 2004). 

Type Causes Features 

Progressive shear 
failure 

- Repeated loading over-
stressing subgrade 

- Fine-grained soils 
- High water content 

- Squeezing of subgrade into 
ballast shoulder 

- Heaves in crib and/or shoulder 
- Depression under sleepers 

trapping water  

Excessive plastic 
deformation 

- Repeated loading of subgrade 
- Soft or loose soils 

- Different subgrade settlement 
- Ballast pockets 

Subgrade attrition 
with mud pumping 

- Repeated loading of subgrade 
stiff hard soil 

- Contact between ballast and 
subgrade 

- Clay-rich rocks or soils 
- Presence of water  

- Muddy ballast 
- Inadequate sub-ballast 

Softening 
subgrade surface 
un sub-ballast 

- Dispersive clay 
- Water accumulation at soil 

surface 
- Repeated train loading 

- Reduces sliding resistance of 
subgrade soil surface 

Liquefaction 
- Repeated dynamic loading 
- Saturated silt and fine sand 
- Repeated train loading 

- Reduces sliding resistance of 
subgrade soil surface 

Massive shear 
failure (slope 
stability) 

- Weight of train, track and 
subgrade 

- Inadequate soil strength 

- Steep embankment and cut 
slope 

- Often triggered by increase in 
water content 
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Type Causes Features 

Consolidation 
settlement 

- Embankment weight 
- Saturated fine-grained soils 

- Increased static soil stresses 
from weight of newly 
constructed embankment 

- Fill settles over time 

Frost action (heave 
and softening) 

- Periodic freezing  
- Free water 
- Frost-susceptible soils 

- Occurs in winter/spring period 
- Heave from ice lens formation 
- Weakens from excess water 

content on thawing 
- Rough track surface 

Swelling/shrinkage 
- Highly plastic or expansive soils 
- Changing moisture content 

- Rough track surface 
- Soil expands as water content 

increases 
- Soil shrinks as water content 

decreases 

Slope erosion 
- Surface and subsurface water 

movement 
- Wind 

- Soil washed or blown away 
- Flow onto track fouls ballast 
- Flow away from track can 

undermine track 

Slope collapse 
- Water inundation of very loose 

soil deposits 
- Ground settlement 

Sliding of side hill 
fills 

- Fills placed across hillsides 
- Inadequate sliding resistance 
- Water seeping out of hill or 

down slope is a major factor 

- Transverse movement of track 

 

SUBSTRUCTURE INVESTIGATION 

Being one of the most important steps in geotechnical engineering, a proper identification, 

classification and characterization of subgrade soils must be performed whenever an investigation of 

the substructure is carried out.  

A limited substructure examination can be made by hand, or by machine through excavating inspection 

holes ate the side of the track. Generally, these procedures are associated with relatively small 

practical limits for digging distance below the subgrade surface. Because conditions at the top part of 

the subgrade are often different beneath the track than at the side of the track, a better inspection 

can be made by removing the ballast shoulder. This allows inspection of the ballast and sub-ballast 

layers as well, which is usually needed whenever subgrade information is required. 

The next level of investigation may involve excavating a cross trench from one side of the track to the 

other. This is important in fully evaluating the ballast, sub-ballast and upper subgrade conditions 

because conditions often vary with position across the track and with depth. In cases where subgrade 

depressions and ballast pockets occur, they might represent significant deviations from a plane 

boundary between layers that will not be known without a full (or at least half) width cross trench. 
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Depths of excavation to at least 1200 mm below the top of the sleeper can be done by using coring 

machines. 

Identification of subgrade layers and materials to depths below those possible with coring machines 

or cross trenches require the use of standard drilling techniques. Common in situ geotechnical 

procedures include 

- standard penetration tests (SPT) 

- cone penetration tests (CPT) 

- piezocone (CPTu) 

- flat dilatometer (DMT) 

- pressure meter (PMT) 

- vane shear (VST).  

Each test applies different loading schemes to measure the corresponding soil response in an attempt 

to evaluate its characteristics. Figure 4. 14 illustrates these various devices and simplified procedures 

in graphical form. 

Boreholes are required for conducting SPT and normal versions of PMT and VST. A rotary drilling rig 

and crew are essential for these tests. In the case of the CPT, CPTu and DMT, boreholes are not needed. 

These ŀǊŜ ǘƘǳǎ ǘŜǊƳŜŘ άŘƛǊŜŎǘ-ǇǳǎƘέ ǘŜŎƘƴƻƭƻƎƛŜǎΦ {ǇŜŎƛŀƭƛǎŜŘ ǾŜǊǎƛƻƴǎ ƻŦ ǘƘŜ ta¢ όƛΦŜΦ Ŧǳƭƭ 

displacement type) and VST can be conducted without boreholes. As such, these may be conducted 

using either standard drill rigs or mobile hydraulic systems in order to directly push the probes to the 

required test depths. A disadvantage of direct-push methods is that stiff trackbed layers and bedrock 

will prevent further penetration. In such cases, borehole methods prevail as they may advance by 

coring or non-coring techniques. 

 
FIGURE4.14 ς COMMON IN-SITU TESTS FOR GEOTECHNICAL INVESTIGATION. 
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Physical properties of the layers can be measured in the field using in situ techniques, nevertheless 

direct measurement of properties such as the resilient modulus, plastic strain or strength 

characteristics require the elaboration of specific laboratory tests. Furthermore, for subgrade 

materials, undisturbed field samples will usually be required. 

I DENTIFICATION OF DRAINAGE REHABIL ITATION NEEDS 

Along with structural measures with the aim of strengthening the substructure, it is of great 

importance to assess the condition of the drainage system, its adequate design and the proper 

functioning of all its components. In this regard, locations where poor drainage might be the major 

cause for substructure weakening must be identified. 

Excluding erosion by surface run-off, water generally causes the most problems after it infiltrates 

railway embankments and track substructures. Water in the soil and in cracks that have opened in the 

ground has the potential to destabilise embankments or decrease soil strength. It may also cause 

significant damage in frost-prone regions. This water is often a major contributor to track failures. 

Draining the track section and embankment is thus fundamental to improving track and embankment 

performance. 

Water tends to accumulate in track locations where the drainage is impaired, such as railway crossing 

approaches, bridge approaches, low points in vertical curves, and at other locations where track 

settlement has occurred and the track has been raised on additional ballast. Typical places within an 

embankment where water may be expected to accumulate or become trapped include (IHHA, 2009): 

- Ballast pockets; 

- Cracks in embankments; 

- The interface between the subgrade and a relatively stiff layer above (below ballast); 

- At the contact of more permeable rock or soil with less permeable materials. 

Interception and efficient drainage of non-track groundwater is another important aspect when 

assessing the performance of the existing drainage systems and their need for rehabilitation. 

Groundwater in soils below embankment, flowing toward embankment from upslope areas, or flowing 

toward track constructed in cuts can lead also to unstable track conditions. Interception and removal 

of this water and lowering of the groundwater table to a satisfactory depth below the embankment or 

track substructure may improve the performance of embankments and track sections (Figure 4.15). 

Collection and removal of this groundwater may also improve stability of the slope through which the 

water is flowing, whether located above or below the track. 
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FIGURE 4. 15 ς INTERCEPTION OF WATER INFLOW TROUGH TRENCH DRAIN. 

The construction of trench drains (Figure 4.15) is a common solution to effectively intercept and drain 

near-surface groundwater flowing toward the track. These drainage components consist of an 

excavated trench backfilled with clean, well-graded gravel products that provide a high permeability 

path for water to escape from the embankment slope or subgrade. These drains may be constructed 

parallel to and relatively near the track, or at some distance upslope from the track. Shallow drains 

with pipes are sometimes installed parallel and near the track to improve subgrade performance. 

Depending on the groundwater depth, topography and geology, other drainage systems may be 

required. Horizontal drains, small diameter perforated pipes installed in holes drilled into the ground 

are common alternatives. High groundwater conditions and springs also contribute to landslides. In a 

landslide susceptible terrain, trench drains, horizontal drains or other subsurface methods may be 

components of a landslide stabilization program. 

A proper geotechnical investigation to the railway substructure and its surroundings might allow the 

identification of different indicators regarding groundwater conditions and inadequate functioning of 

drainage system components (Table 4.4). 

TABLE 4.4 ς INDICATORS OF HIGH GROUNDWATER CONDITIONS AND POOR DRAINAGE. 

Indicators of inadequate drainage 

Wet ground near or on the 
embankment 
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Indicators of inadequate drainage 

Ponded water adjacent to track 

 

Vegetation normally associated with 
wetlands growing on nearby slopes 

 

Water ponded in ditch and wetlands 
plants 

 

The presence of sinkholes on track 
or nearby slopes 

 
 

Collecting and diverting surface water away from the track structure may be the most cost-

effective portion of any subgrade maintenance or rehabilitation program. The more water that is 

intercepted and diverted away from the track, the less water available to infiltrate and potentially 

weaken the track structure. Recommended practices, which must be part of a regular maintenance 

scheme and that should be carefully considered when assessing drainage rehabilitation needs in 

the scope of substructure upgrading include (IHHA, 2009): 
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- Improve surface drainage to make sure runoff runs off and does not pond; 

- Divert surface water prior to it reaching problem area; 

- Keep surface water at surface. Do not let it pond or infiltrate the embankment or ground 

upslope of the embankment; 

- Deepen ditches below the bottom of the sub-ballast (do not deepen ditches excessively such 

that support is lost for the track section); 

- Grade ditch bottoms to improve runoff; 

- Clean ditches and culverts 

- Check culverts and ensure they are in good condition, have not rusted through, and not pulled 

apart; 

- Replace culverts that are too small with culverts of adequate capacity; 

- Maintain culvert inlets and install systems to reduce potential for the inlet to plug or for debris 

to wash into the culvert and plug it; 

- Remove from embankment shoulders any debris produced by maintenance activities such as 

undercutting, shoulder ballast cleaning and ditch cleaning; 

- Grade shoulders to drain water over the side of the embankment without restricting the flow. 

Erosion protection measures may be required on the slope. 

An effective drainage of shoulders and ditches contributes to a better drainage of the ballast and sub-

ballast layers. Ballast drainage has to be maintained to keep the proper resiliency under the sleeper. 

This area is affected when there is not sufficient ballast under the sleepers. Train loading leads ballast 

to break down. The residue, along with dirt blown into the ballast section allows the ballast to become 

fouled. Fouled ballast and shoulder fouling lead to water retention in the track structure. As the 

crushing and grinding of ballast particles progresses, drainage from track structure is impaired. The 

water retained in the ballast because of this impaired drainage accelerates the ballast breakdown 

process. Ballast failure and the pumping associated with it may cause loss of sleeper support. 

In summary, the presence of water weakens the substructure. Considerable experience is required to 

differentiate between causes of different types of failure and to select an appropriate remedial 

measure to correct the problem. No single remedy has been identified to correct all of these problems; 

but since most of these failure modes involve water, drainage improvement is usually part of the 

remedy. In some situations, remedial measures may lead to an acceptable solution. However, some 

remedial measures only provide a short-term solution by just treating the symptoms of the problems 

rather than analysing its root cause for longer term eradication. In these cases, the upgrading of the 

substructure must take into account that a full redesign of the drainage system might be necessary. 

An upgrading analysis should thus analyse available observations, measurements and the 

requirements for both the railway and its surroundings. 
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4.2 SUBGRADE IMPROVEMENTS 
To mitigate poor subgrade conditions is often very costly. This includes not only the cost of material 

and work efforts, but also the commonly extensive traffic disruptions that are caused by the mitigating 

actions. There is thus a significant cost saving potential in developing new, LCC efficient improvement 

methods. However, these methods need also be thoroughly verified if they are to be employed in 

large-scale use. It is here important that not only the benefits, but also the drawbacks of each method 

are highlighted since the methods usually are suited mainly for certain conditions 

In the INNOTRACK project, a number of improvement methods were investigated, tested and verified, 

see (Ekberg and Paulsson, 2010) and references therein. These were inclined piling using lime-cement 

columns, the use of geogrids in transition zones and bad drainage areas, and the use of short vertical 

soil-cement columns. These and other methods will be described in this section together with an 

outline of their benefits and shortcomings.  

4.2.1 INTRODUCTION 

Traditional open-cut improvement methods require the interruption of railway traffic for a long time. 

The different elements of the track used to be removed. Rails, sleepers, ballast, sub-ballast and often 

the embankment fill have to be withdrawn to perform the strengthening works. Apart from being time 

consuming, the traditional remedial works are costly in terms of material, resources and (often 

extensive) traffic disruptions. Figure 4.16 shows how the distribution of cost that can look like for an 

actual project of subgrade improvement with Deep Mixing Method (DMM). 

 

FIG. 4.16 - DISTRIBUTION IN A TYPICAL STRENGTHENING WORK WITH LIME/ CEMENT COLUMNS INNOTRACK 2009 

Figure 4.16 shows costs for strengthening works, not the costs due to traffic disruption. One can see 

that the cost for installation of lime/cement columns is only 16% of the total cost. In contrast, 56% of 
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the total cost is for ground and track works. It is therefore important to use soil improvement methods 

that minimize track work and reduce traffic disturbances. 

There is thus a significant cost saving potential in developing new, LCC efficient improvement methods. 

However, these methods need also to be thoroughly verified if they are to be employed in large-scale 

use. It is here important that not only the benefits, but also the drawbacks of each method are 

highlighted since the methods usually are suited mainly for certain conditions. 

Following this overview, there is a description of current practises in subgrade improvement, followed 

by some special use cases in the Northern and Southern countries of Europe, where the geotechnical 

conditions are significantly more difficult compared with the middle region. 

4.2.2 OVERVIEW OF STRENGTHENING METHODS 

As mentioned before, there are many different methods available for subgrade improvement 

depending on the geotechnical conditions, allowed costs, construction time, performance, presence 

of buildings in the surroundings, tradition and experience of the contractor and the infrastructure 

manager, national regulations etc. 

With the aim of selecting the correct method, it is first necessary to identify the problem to be solved. 

The most common problems in embankments are settlements, instability, and excessive vibrations. In 

all these cases increasing subsoil stiffness usually helps in solving the problem. There are two different 

approaches to obtain such an improvement: reinforcement inserted from the track, or from side of 

the railway embankment. Both methods have advantages and disadvantages. 

SUBGRADE IMPRO VEMENT FROM THE TRACK 

Usually this type of work is carried out by equipment and tools mounted on railway vehicles. In most 

cases the works are done directly under the track. If the traffic should not be severely restrained, 

installation has to be carried out between sleepers. The space between two sleepers is 40 cm in the 

best case, which leads to the need for special tools. There are other restrictions such as the time 

available to conclude the installation. Traffic requirements usually reduce this time to a maintenance 

window. 

Other considerations have to be taken into account. Catenaries, wires and poles represent especially 

dangerous elements in contact with the machines and tools needed for the installation. In addition, 

the methods that use bindings can pollute ballast during their installation. In this case, special tools 

have to be employed to keep the ballast clean. 
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SUBGRADE IMPRO VEMENT FROM SIDES OF RA ILWAY EMBANKMENT 

Execution of subgrade improvement or installation of strengthening elements from the sides of the 

railway track is an easier way to deal with these kinds of works, especially on electrified lines. However, 

there is not in every case enough space next to the railway embankment, especially in urban areas.  

All methods for soil improvement have impact on the track geometry during the installation. During 

the work it is important to assess the expected movements and the influence on the track, which 

typically has to allow train circulation at normal service speeds. When the line remains open to traffic 

during the execution, it is therefore recommended to use real-time automated methods to detect 

possible movements. 

The impact of geotechnical issues is also very important and have to be taken account in the design 

phase. Characteristics of soil before, during and after strengthening must be assessed with 

consideration of time related changes. The design of the soil improvement has to assess the safety 

factor for the improved structure and for all stages of strengthening work. The risks of slide failure, 

subsidence and lateral movements have to be evaluated in advance and controlled during the 

execution of works. 

Table 4.5 shows strengthening methods that have been used in the upgrading of railway subgrade. Of 

course, there are many other improvement techniques but these are less suitable for existing 

embankments. In addition, the table shows the influence on rail traffic and the kind of soils for which 

the method is applicable. It is noteworthy that, continuously, contractors develop new methods or 

adapt existing ones to their machines, local geotechnical conditions and railway related needs. 

TABLE 4.5. OVERVIEW OF EXISTING STRENGTHENING METHODS (SUSTAINABLE BRIDGES 2006) (INNOTRACK). 

Scheme Method Principle 

Can be 
performed 

without 
affecting 

traffic 

Applicable 
soils 

Increase 
of 

stability 

Reduce 
settle-
ments 

 

Deep mixing 
installed 

through the 
track and 

embankment 

Mixes in-situ 
soils with 

cementitious 
materials to 

form a vertical 
stiff inclusion 
in the ground 

No 

Wet 
method: 
most soft 

soil 
Dry 

method: 
soft fine-
grained 

soils 

Yes Yes 
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Scheme Method Principle 

Can be 
performed 

without 
affecting 

traffic 

Applicable 
soils 

Increase 
of 

stability 

Reduce 
settle-
ments 

 

Deep mixing 
installed 
inclined 
under 

embankment 

Mixes in-situ 
with 

cementitious 
materials to 

form an 
inclined stiff 
inclusion in 
the ground 

Yes 

Wet 
method: 
most soft 

soil 
Dry 

method: 
soft fine-
grained 

soils 

Yes  Yes 

 

Deep mixing 
beside 
railway 

embankment 

Mixes in-situ 
soils with 

cementitious 
materials to 

form a vertical 
stiff inclusion 
in the ground 

Yes 

Wet 
method: 
most soft 
soil types 

Dry 
method: 
soft fine-
grained 

soils 

Yes No 

 

Jet grouting 

Erodes soil in 
situ and mixes 

with 
cementitious 
materials to 
form stiff 

inclusion in 
the ground 

Yes (unless 
installed 
beneath 

embankment) 

Most soil 
types  

Yes  Yes 

 

Stabilizing 
berms, alone 

or in 
combination 

with 
anchored 

walls 

Compacted 
material 

constructed 
adjacent to 

embankment. 
Driven walls. 

Yes Clay Yes  No 

 

Compaction 
grouting 

Low slump 
grout is 

pumped into 
the ground, 

which displace 
and density 

the soil or fill 
voids in rock 

Yes 
Granular 

soil cavities 
Yes Yes 

 

Concrete slab 
on piles 

Installation of 
piles on both 

sides of 
railway, 

precast slabs 
fixed on piles 
in short stages 

with traffic 
interruption 

No 
All soil 
types 

Yes Yes 
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Scheme Method Principle 

Can be 
performed 

without 
affecting 

traffic 

Applicable 
soils 

Increase 
of 

stability 

Reduce 
settle-
ments 

 

Soil nailing 

Soil nails 
installation 
between 
sleepers 

No 
All soil 
types 

Yes No 

 

Vibro-
compaction 

Vibro-
replacement 

Vibro-
concrete 
columns 

Compaction 
of soil, 

transfer of 
loads to more 

competent 
strata through 

friction or 
end-bearing 

No 
Granular 

soils 
Yes Yes 

 

4.2.3 SUBGRADE IMPROVEMENT METHODS 

DEEP M IX ING METHOD 

The Deep Mixing Method (DMM) was initially developed in 1970 in Japan (wet method) and Sweden 

(dry method) to stabilize subsoil under embankments. The deep mixing procedures increases the 

strength, lowers ductility, and lowers compressibility as compared to the original ground. The degree 

of improvement depends on the amount and type of stabilizer, installation process, characteristics of 

the original ground, and the curing time. This method can also be applied from the sides of the 

embankment, as shown in Figure 4.17. 

 

FIGURE 4.17 EXAMPLE OF INSTALLATION OF A LIME COLUMN. LEFT: INCLINED;  RIGHT: VERTICAL (INNOTRACK, 2008) 

The principle of this method is quite simple. In-situ soils are mixed with cementitious materials to form 

a stiff inclusion in the ground. A mixing tool is rotated down to the design depth, and once it is reached, 
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the direction of rotation of the mixing tool is reversed and the tool is withdrawn at a constant rate. 

During advancement and/or withdrawal of the mixing tool, agents such as quicklime, slaked lime, 

cement, and fly ash are forced into the ground. The deep mixing method produces columns in the 

ground that can be installed singularly, or in rows (walls), grids or blocks. When installed vertically the 

soft soil beneath the railway is stabilized. Vertical strengthening is normally used for newly constructed 

railways and there is an extensive experience based on experience and research with the application 

of deep mixed columns to support new railway embankments. Inclined lime cement columns for 

upgrading railway tracks have also been used, see (Ekberg and Paulsson, 2010) and references therein. 

Both cases can be seen in Figure 4.18. 

4  

FIGURE 4. 18. DESIGN OF STRENGTHENING OF SUBSOIL USING VERTICAL OR INCLINED LIME-CEMENT COLUMN WALLS 

(INNOTRACK, 2008) 

This method requires the following steps in the design, execution and control: 

1. Geotechnical survey and site investigations 

2. Design of strengthening with lime cement columns 

3. Quality control and safety plan for the installation 

4. Analysis of possible restriction on train speed and axle load during installation 

5. Preparation of construction site 

6. Transport of machinery, tools and materials for lime cement columns 

7. Site supervision during construction (Figure 4.19) 

8. Follow up after installation of strengthening 



  
D11.5 ς  Upgrading of infrastructure in order to 

meet new operation and market demands (Final) 

 

 
 

CAPACITY4RAIL 
SCP3-GA-2013-605650 

01/09/2017 

 

CAPACITY4RAIL PUBLIC Page 57 

.  

FIGURE 4.19 POSITIONING OF LIME CEMENT COLUMNS  

Table 4.6 shows the advantages and drawback of this method in the upgrading of existing railway 

infrastructures: 

TABLE 4. 6. ADVANTAGES AND DRAWBACKS OF DEEP MIXING METHOD 

Advantages Drawbacks 

- Low vibrations during construction. 
- High attenuation of ground vibrations 

after installing. 
- High performance 
- Well known technology, with significant 

experience in new embankments (for 
vertical columns) 

- Technology available in most countries 
- Low impact on rail traffic (for inclined 

columns or vertical columns at the side 
of the track). 

- Not much experience in upgrading 
railways (for inclined columns) 

- The need of heavy machinery could be a 
problem in very soft soils. 

 

JET GRO UTING 

The jet grouting technology is very similar to the deep mixing technology except that very high-

pressure fluids are used in jet grouting in order to erode subsurface soil particles and mix them with 

cement to form a solidified in situ element. Jet grouted elements can be installed in a variety of 

subsurface geometries. Columns with diameters of 0.6 to 2 m are common. Figure 4.20 shows a 

scheme of the installation of the jet grouting system and a picture of the flow ejected by the machine. 
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FIGURE 4.20. SCHEME OF JET GROUTING INSTALLATION (LEFT). MACHINERY USED FOR CONSTRUCTION (RIGHT) (TRB, 

2012) 

This system can be installed horizontally or vertically, or even at an angle. There are three traditional 

jet-grouting techniques: 

¶ Single-fluid jet grouting uses high pressure (400 to 500 bar) grout only 

¶ Double fluid-jet grouting uses high pressure grout sheathed in compressed air 

¶ Triple-fluid jet grouting uses high-pressure water sheathed in air followed by a second jet of 

high-pressure grout. 

The equipment to perform jet grouting remains specialized, but many contractors are available to carry 

out reinforcement using this technology. Drills range from relatively small electrically powered units 

up to the large crane supported systems. Some drills have the ability to create a wide variety of jet-

grouted geometries. Theoretically, treatment depth is unlimited, but jet grouting has rarely been 

performed at depths below 50 m. 

Table 4.7 shows the advantages and drawback of this method in the upgrading of existing railway 

infrastructures: 

TABLE 4.7. ADVANTAGES AND DRAWBACKS OF JET GROUTING 

Advantages Drawbacks 

- Low vibration during construction. 
- Relatively small machinery, useful in 

small gauges. 
- Low surface settlements. 
- Suitable for many types of soil. 
- Different angles are possible for the 

columns. 
- Low impact on rail traffic (for inclined 

columns or installation at the side of the 
track). 

- Not effective in very plastic clays. 
- Complex construction procedure. 
- Technology not always available. 
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STABIL IZ ING BERMS COMBINED WITH ANCHORED WALLS 

¶ Stabilizing berms are often built adjacent to existing railway embankments to increase the 

bearing capacity of the embankment or to prevent instability. Stabilizing berms consist of a 

few meters of compacted material. Their thickness is about 1 to 2 metres. The use of loading 

berms is an effective way of increasing stability with costs that are quite low compared to 

other methods.  

¶ However, this method presents some disadvantages that are necessary to consider. The main 

disadvantage of the stabilizing berms is that it does not reduce settlements or vibrations. In 

fact, the settlements of the railway embankment can even increase when loading berms are 

used (Ekberg and Paulsson, 2010). The predicted total and differential settlements need 

therefore be evaluated in advance. 

¶ This negative effect can be reduced by combining the loading berms with walls installed along 

the railway embankment. Walls can be built for example as pile walls using concrete, steel, or 

wooden piles. Sheet piles as well as diaphragm walls have been used. Material used for 

supporting wall depends on the geotechnical conditions, the load and the geometrical 

situation of the particular project. On the other hand, it could be problematic to install driven 

elements, like for example sheet piles, through subsurface soils containing cobbles or 

boulders. In this case drilled or predrilled structures are more feasible. 

¶ If the walls are installed on both sides of the railway embankment, anchors can be installed to 

connect the walls on opposing sides of the embankment. The anchors are post-tensioned to 

reduce horizontal movements in the walls. Figure 4.21 shows an example of a sheet pile wall 

used for stabilizing existing embankments. 

 

FIG.4.21. LEFT:  SCHEME OF ANCHORED WALLS WITH STABILIZING BERM IN A RAILWAY EMBANKMENT;  RIGHT: EXAMPLE IN 

VITMOSSEN (SWEDEN) 
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Table 4.8 shows the advantages and drawback of this method in the upgrading of existing railway 

infrastructures: 

TABLE 4.8 ADVANTAGES AND DRAWBACKS OF STABILIZING BERMS COMBINED WITH ANCHORED WALLS 

Advantages Drawbacks 

- Low cost (if only stabilizing berm is used) 
- Low surface settlements (when using 

sheet pile walls). 
- Low impact on railway traffic 

- High vibrations during installation of 
sheet piles. 

- Complex and expensive construction 
procedures when using anchors. 

- Only suitable for soft clays. 
- No reduction in settlements, only 

improvement of stability. 

 

COMPACTION GROUTING 

The compaction grouting is a technology that injects a low slump grout into the ground to 

form a stiff, homogenous mass in the subsoil. The grout does not enter soil pores but remains 

in a stiff mass that gives controlled displacement in order to compact granular soils. The 

compaction grouting is commonly used to increase the density of soils. The grouted mass also 

adds vertical strength, since the grout compressive strength is much higher than that of native 

soil. 

There are a number of applications of compaction grouting including remediation of 

embankment settlements, soil densification for site improvement, filling of voids in rock 

formation and liquefaction mitigation. 

Compaction grouting is performed by injecting a very stiff grout through a casing at a high 

pump pressure; the casing is withdrawn incrementally and a column of interconnected grout 

bulbs is created. The grout is carried out through vertical or inclined grout pipes, see Figure 

4.22. 
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FIGURE 4.22. INSTALLATION PROCEDURE OF COMPACTION GROUTS BELOW A SHALLOW FOUNDATION (TRB, 2012) 

Table 4.9 shows advantages and drawbacks of this method in the upgrading of existing railway 

infrastructures: 

TABLE 4.9 ADVANTAGES AND DRAWBACKS OF COMPACTION GROUTING 

Advantages Drawbacks 

- Well known technology 
- Relatively small machinery, useful in 

small gauges. 
- Low impact on rail traffic. 

- Only suitable for granular soils. 
- In cohesive soils, the injection can cause 

high excess of pore pressure, with later 
consolidation settlements. 

- No standardized procedure 
- Long-term behavior of the cement 

mortar is unknown. 

 

PRECAST CONCRETE SLAB ON PILES 

The main advantage with this method is that the piles and longitudinal beams are installed on both 

sides of the existing railway without any disturbance of traffic. However, the pre-cast slabs are placed 

on piles after replacement of track in short traffic interruptions. This operation can be carried out 

during night and in this way minimizing rail traffic interruptions in the rush hours. Figure 4. 23 shows 

a scheme of this method. 
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FIGURE 4. 23. SCHEME OF PRECAST CONCRETE SLAB ON PILES 

Table 4. 10 shows advantages and drawbacks of this method in the upgrading of existing railway 

infrastructures: 

TABLE 4.10. ADVANTAGES AND DRAWBACKS OF PRECAST SLABS ON PILES 

Advantages Drawbacks 
- Excellent control of settlements. 
- Suitable for all types of soils. 

- Very expensive. 
- Low performance. 
- Moderate traffic disruption when installing 

the slabs. 
- Negative effects in the transmission of 

ground vibrations through the piles. 
 

SOIL NAIL ING 

Soil nailing is a strengthening technique that can be used to treat unstable natural soil slopes or as a 

construction technique that allows the safe over-steepening of new soil slopes. It can be also applied 

to existing railway embankments to prevent instability failures. 

The technique consists in the insertion of relatively slender reinforcing elements into the slope, often 

general-purpose reinforcing rebar although proprietary solid or hollow-system bars are also available. 

Solid bars are usually installed into pre-drilled holes and then grouted into place using a separate grout 

line, whereas hollow bars may be drilled and grouted simultaneously by the use of a sacrificial drill bit 

and by pumping grout down the hollow bar as drilling progresses. Kinetic methods of firing relatively 

short bars into soil slopes have also been developed. 

Bars installed using drilling techniques are usually fully grouted and installed at a slight downward 

inclination with bars installed at regularly spaced points across the slope face. Rigid facing or isolated 

soil nail head plates may be used at the surface. Alternatively, a flexible reinforcing mesh may be held 

against the soil face beneath the head plates. Rabbit proof wire mesh and environmental erosion 

control fabrics may be used in conjunction with flexible mesh facing where environmental conditions 

dictate. 
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The technique applied for strengthening of rail embankments is relatively cheap with high production 

in comparison to the other described methods. The technique can be applied from the track with 

minimal traffic disruption. Figure 4.24 shows an example of soil nailing driven from the track to the 

underground through the space between sleepers.  

  

FIGURE 4.24. LEFT: AN EXAMPLE OF SOIL NAILING EXECUTED FROM THE TRACK (KONSTANTELIAS, 2003);  RIGHT:  

STABILIZATION OF A RAILWAY EMBANKMENT WITH SOIL NAILING (INNOTRACK, 2008) 

Table 4.11 shows advantages and drawbacks of this method in the upgrading of existing railway 

infrastructures: 

TABLE4.11. ADVANTAGES AND DRAWBACKS OF SOIL NAILING METHOD 

Advantages Drawbacks 
- Low vibrations during construction. 
- High performance. 
- Good increase of stability. 
- Well known technology. 
- Low traffic disruptions. 
- Suitable to install from the track, between 

sleepers. 
- Relatively small machinery, useful in small 

gauges. 

- No reduction in settlements, only 
improvement in stability. 

- Low depth of strengthening. 

 

V IBRO-COMPACTION 

This is a suitable method for densification of non-cohesive soils like sand, gravel or crushed rock. This 

method is based in the physical principle that vibration significantly reduces friction between soil grains 

and lets them rearrange to a denser structure. Subsequently, the pore volume is reduced and the 

stiffness increased. 
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Cylindrical depth vibrators generate vibration. The head of these vibrators carry unbalanced masses 

generating the vibration energy. Usually the vibrator penetrates to the designed depth and is then 

withdrawn in steps until the required compaction is achieved. During compaction, additional material 

has to be added since the volume decreases. 

This method has to be applied carefully on in-service railway lines because the settlements of the track 

can be up to 15% of the treated volume. Additional ballast and sub-ballast as high-friction materials is 

recommended to be available for immediate levelling of the track. 

Table 4.12 shows advantages and drawbacks of this method in the upgrading of existing railway 

infrastructures: 

TABLE 4.12. ADVANTAGES AND DRAWBACKS OF VIBRO-COMPACTION METHOD 

Advantages Drawbacks 
- High performance. 
- Well known technology. 
- Low cost. 
- No materials such as cement, water, 

concrete or steel are necessary. 

- High noise and vibration levels during 
construction. 

- Only suitable for granular soils. 
- Possible settlements during construction, 

which motivates line closure for safety 
reasons. 

 

V IBRO-REPLACEMENT  

This method is a combination of vibration and replacement of cohesive soils with granular material. 

The vibrator penetrates to a design depth and cavities are filled with coarse material (gravel, crushed 

stone or pebbles) which is then compacted by the vibrator. In this way, soft soils are improved with 

well-graded load bearing columns (Figure 4.25). 

Usually a steel casing pipe is vibrated to the soil. When the pipe is withdrawn filling material is vibrated 

in, to create the stone or sand columns. Even a geotextile tube can be used to stabilize and improve 

ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ ǘƘŜ ŎƻƭǳƳƴǎΦ Lƴ ǘƘƛǎ ŎŀǎŜΣ ǘƘŜ ƳŜǘƘƻŘ ƛǎ ŎŀƭƭŜŘ άDŜƻǘŜȄǘƛƭŜ /ƻŀǘŜŘ /ƻƭǳƳƴǎ όD//ύέΦ 

¢ƘŜǊŜ ŀǊŜ ǘǿƻ ǾŀǊƛŀƴǘǎ ƻŦ ǘƘƛǎ ƳŜǘƘƻŘΥ ά5Ǌȅ ōƻǘǘƻƳ ŦŜŜŘ ǘŜŎƘƴƛǉǳŜέ ǿƘƛŎƘ ǳǎŜǎ ŀƛǊ ǇǊŜǎǎǳǊŜ ŀƴŘ ά²Ŝǘ 

ōƻǘǘƻƳ ŦŜŜŘ ǘŜŎƘƴƛǉǳŜέ ǿhich uses pressurized water. The dry bottom feed technique is more suitable 

for railway embankments due to the lower risk for large settlements and changes in stiffness below 

the track. 

The risk for excessive settlements during the installation is lower than for vibro-compaction. 

Nevertheless, it is recommended to have additional ballast or sub-ballast ready in the case that 

levelling of the track is required. 
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FIGURE 4.25 SCHEME OF VIBRO-REPLACEMENT PROCEDURE (LEFT) (TRB, 2012); INSTALLATION OF GEOTEXTILE COATED 

COLUMNS (RIGHT) (GEOSINTEX, 2012) 

Table 4.13 shows advantages and drawbacks of this method in the upgrading of existing railway 

infrastructures. 

TABLE 4.13. ADVANTAGES AND DRAWBACKS OF VIBRO-REPLACEMENT 

Advantages Drawbacks 
- High performance. 
- Low settlements during construction 

compared to vibrocompacting. 
- Improvement of vertical drainage (pore 

pressure reduction). 
- Well known technology. 

- Relatively high cost. 
- In case of GCC (patented), there are 

additional royalty costs. 
- High noise and vibration levels during 

construction. 
- Technology not always available. 
- Not much experiences in railways. 

 

GROUTED STONE COLUMN S (GSC) 

When using the vibro-replacement method in very soft clays or peat, the lateral support is usually not 

sufficient for adequate stabilization of columns. In the previous section, it was mentioned that the 

application of geotextile improves the lateral support. Another way to guarantee the stability of the 

hole is to use a cement grout suspension together with gravel during the installation process. Cement 

grout suspension forms together with the coarse material a stiff body of the column. Of course, such 

columns show much higher bearing capacity than those of the previously described methods. 

Furthermore, the potential impact on the track during installation is lower but the time for hardening 

of the cement grout has to be considered before resuming normal train services. 
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Table 4.14 shows advantages and drawbacks of this method in the upgrading of existing railway 

infrastructures: 

TABLE 4.14. ADVANTAGES AND DRAWBACKS OF GROUTED STONE COLUMNS 

Advantages Drawbacks 
- High performance. 
- Low settlements during construction 

compared to vibro-compacting. 
- Excellent bearing capacity. 

- High cost. 
- High noise and vibration levels during 

construction. 
- Technology is not always available. 
- Not much experience in railways. 

 

V IBRO-CONCRETE COLUMNS (VCC) 

Pile-like bearing elements can be used for soils with very low bearing capacity, e.g. in an organic 

subsoil. These elements are inserted through the layers, which have a lower bearing capacity into the 

deeper and stiffer strata. In this case, after vibration the concrete is directly pumped from the bottom 

to the top of the column. 

The earth structures above the concrete column can be reinforced horizontally with geotextiles 

(geogrids). This will improve the distribution of the pile loads and even out deformation. Under existing 

railways, the head of the columns can also be enlarged to obtain better support for sleepers. In these 

cases, it is recommended to place the column head deeper in the formation in order to avoid stress 

concentrations in the ballast. 

This method can be applied from the sides of the embankment or to reinforce the foundation of civil 

structures, as shown in Figure 4.26. 

 

FIGURE 4.26. EXAMPLE OF VCC METHOD AT A RAILWAY BRIDGE 
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Table 4.15 shows advantages and drawbacks of this method in the upgrading of existing railway 

infrastructures. 

TABLE 4.15 ADVANTAGES AND DRAWBACKS OF GROUTED STONE COLUMNS 

Advantages Drawbacks 
- High performance. 
- Low settlements during construction 

compared to vibro-compacting. 
- Excellent bearing capacity achieved. 

- High cost. 
- High noise and vibration levels during 

construction. 
- Technology is not always available. 
- Not much experience in railways. 

 

4.2.4 OTHER METHODS FOR SUBGRADE IMPROVEMENT IN RAILWAY 

INFRASTRUCTURE 

HYDRAULIC FRACTURING WITH INJECTION OF CEMENT GROUT (SPAIN)  

This use case consisted in the consolidation and stabilization of an embankment located in the railway 

line CalatayudςValencia, at the section between kilometres 208/100 and 208/200. The transit in the 

line includes passenger and freight trains. The passenger trains included the Euromed, which operates 

at 200 km/h. The problem of the embankment was due to low frequency vibrations transmitted by 

freight trains. This situation gave rise to sizeable deformations of the track, requiring very frequent 

tamping to correct the track geometry. 

The adopted solution to this problem was the hydraulic fracture grouting technique through sleeve 

pipes (Figures 4.27 and 4.28). The work was carried out simultaneously with railway traffic operating 

at normal speed, while the substructure and the underlying embankment were being grouted down 

to a maximum depth of 7 m under strict requirements on keeping the track geometry (movements of 

rail less than 3 mm over a 5 m length). 

 

FIGURE 4.27. DIFFERENT PHASES IN THE CONSTRUCTION (LOPEZ MORENO, 2013) 
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FIGURE 4.28. EXECUTION OF INJECTIONS AT THE SIDE OF THE IN-SERVICE TRACK (LOPEZ MORENO, 2013) 

Other example of hydraulic fracture injection of stable cement-based mixed technique was carried out 

at the Southern embankment of the viaduct over the Ebro River, in the railway line ValenciaςBarcelona 

of the Mediterranean Corridor (OropesaςVandellós line section), se Figure 4.29. 

The basic objectives to achieve were:  

ω LƴŎǊŜŀǎƛƴƎ ŀƴŘ ǊŜƎǳƭŀǘƛƴƎ ǘƘŜ ƳƻŘǳƭǳǎ ƻŦ ŘŜŦƻǊƳŀǘƛƻƴ ƻŦ ǘƘŜ ŜƳōŀƴƪƳŜƴǘΣ ƛƴ ǘƘŜ ȊƻƴŜǎ ǿƘŜǊŜ 

it appeared less compact according to the results of the previous geophysical explorations. It 

was understood that the lack of compaction of those embankment zones had caused the need 

for ballasting the track in this section almost continuously.  

ω aŀƪƛƴƎ ǘƘƛǎ ǎƻƛƭ ƛƳǇǊƻǾŜƳŜƴǘ ŘǳǊƛƴƎ ƴƻǊƳŀƭ ǎŜǊǾƛŎŜ ƻŦ ǘƘŜ Ǌŀƛƭǿŀȅ ƭƛƴŜΦ  

To this end, it was essential to carry out improvement work from a platform independent of the railway 

line. This was achieved by building a berm adjoining the embankment and the transition zone.  

 

FIGURE 4.29. GENERAL VIEW OF THE EMBANKMENT WHERE THE SOIL IMPROVEMENT WAS ACHIEVED (EUROPEAN PROJECT 

SUPERTRACK, 2005) 
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It was considered that the grouting technique, applied by means of sleeve tubes, could provide:  

ω ¢ƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ƻŦ ƛƳǇǊƻǾƛƴƎ ŀ ǇǊŜŘŜŦƛƴŜŘ ǾƻƭǳƳŜ ƻǊ ōƻŘȅ ƻŦ ŜƳōŀƴƪƳŜƴǘΣ ōȅ ƳŜŀƴǎ ƻŦ Ŧŀƴǎ ƻŦ 

sleeve tubes, installed from the working platform and oriented in such a way as to cover the 

grouting of that volume, taking into account the reach of the grout placed from every sleeve.  

ω ¢ƘŜ ŀǇǇƭƛŎŀǘƛƻƴΣ ŀǘ ŜŀŎƘ ƎǊƻǳǘƛƴƎ ǎƭŜŜǾŜΣ ƻŦ ǘƘŜ ƴŜŎŜǎǎŀǊȅ ƴǳƳōŜǊ ƻŦ ǇŀǎǎŜǎ ƻŦ ǘǊŜŀǘƳŜƴǘ ǳƴǘƛƭ 

the grouting pressure, adequate for the degree of improvement envisaged at this location of 

the transition zone, would be reached.  

ω Use, at each grouting pass, of a grouting mixture of the necessary characteristics (viscosity, 

ǎŜǘǘƛƴƎ ǘƛƳŜΣ Χύ ǇƭŀŎŜŘ ŀǘ ǘƘŜ ŎƻƴǾŜƴƛŜƴǘ ǊŀǘŜ ŀƴŘ ǾƻƭǳƳŜΣ ƛƴ ƻǊŘŜǊ ƴƻǘ ǘƻ ƳƻǾŜ ǘƘŜ Ǌŀƛƭǎ ƛƴ 

excess of the comfortable circulation deformation limit (a criterion more exigent than the safe 

circulation deformation limit).  

ω   ! ǎŀŦŜ ŎǊƛǘŜǊƛƻƴ ǘƻ ŎƻǊǊŜƭŀǘŜ ǘƘŜ ƎǊƻǳǘƛƴƎ ǇǊŜǎǎǳǊŜ ŀƴŘ ǘƘŜ Ŧƛƴŀƭ ǇŀǊŀƳŜǘŜǊǎ ƻŦ ǎƘŜŀǊ ǎǘǊŜƴƎǘƘ ƛƴ 

the treated soil so that the process of grouting could be properly controlled, and the end of 

the treatment at each sleeve clearly defined.  

 

FIGURE 4.30. GROUTING OPERATIONS (EUROPEAN PROJECT SUPERTRACK, 2005) 

This action, performed at the Southern embankment of the railway viaduct over the Ebro River in 

Amposta, see Figure 4.30, showed the feasibility of improving the condition of the transition zones 

without interference with the daily traffic passing during the improvement process.  

It was verified that the modulus of deformation of the fill was increased by a factor of about 2.5, 

without exceeding the deformation limit for comfortable circulation on the track (3 mm maximum 

differential settlement between cross-sections 5 m apart).  

The results obtained showed that the technique of hydraulic fracture by means of sleeve pipes might, 

if properly used, allow changing the conditions of any earth supporting structure of the track without 
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interfering with the commercial traffic and the track. Consequently, its use can be extended to any 

type of transition zone and supporting ground if necessary. Since the differential movements involved 

in the applications are less than 1/1000 this is applicable to railways, highways and buildings and 

structures, irrespective of their nature and the initial conditions. 

I NJECTIONS OF BENTONITE AND CEMENT MORTAR (SPAIN)  

Another example of subgrade improvement in the rail embankment in Spain was the work carried out 

in the line TeruelςSagunto (Figure 4.31). The degradation of some embankments in this line led to a 

limit on maximum speed to 30 km/h in several stretches ten years ago.   

The process of strengthening was applied to embankment lengths of around 250 meters. In this case, 

a new technique based on injections of a special cement mortar with bentonite (a type of clay) was 

used. 

This technique, as the example above, was applied from the sides of the embankment, avoiding traffic 

disruptions during the work. 

 

FIGURE 4.31 TREATED RAILWAY SECTION (ESCUDERO, 2011) 

I NJECTIONS OF CEMENT MORTAR AND POLYURETHANE RESIN IN  KARST (SPAIN)  

In the high-speed line MadridςSevilla, next to the village of Yébenes, a karstificated area in limestone 

was detected. In order to avoid a possible collapse of the track, cement mortar and polyurethane resin 

were injected in the cavities through boreholes drilled beside the track. 

The improvement stretched up to seven meters below track. The work was carried out in maintenance 

windows, without affecting train services. During execution, the track geometry was controlled 

automatically to detect any movements. 



  
D11.5 ς  Upgrading of infrastructure in order to 

meet new operation and market demands (Final) 

 

 
 

CAPACITY4RAIL 
SCP3-GA-2013-605650 

01/09/2017 

 

CAPACITY4RAIL PUBLIC Page 71 

 

FIGURE 4.32 RAILWAY SECTION TREATED (RODIO KRONSA, 1998) 

4.2.5 COMPARISON OF IMPROVEMENT METHODS 

According to the previous descriptions, there are a number of advantages and drawbacks for each of 

the improvement methods. In order to facilitate the selection of the most suitable method from a 

technical point of view, table 4.16 shows a comparative assessment of six main characteristics: 

1. Traffic allowance during execution 

2. Type of soils where the method is applicable 

3. Increase of stability against landslides 

4. Effectiveness in the reduction of long-term settlements 

5. Effectiveness in the reduction of vibration transmitted to neighboring buildings 

6. Experience among European contractors and Infrastructure Managers. 

The fulfillment of each criterion is graded high (green), medium (yellow) or low (red). 

TABLE 4.16 COMPARED ADVANTAGES AND DRAWBACKS OF SOIL IMPROVEMENT METHODS 
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2 Jet grouting 

 

      

 

      

 

      

3 Stabilizing berms 

 

      

4 

Stabilizing berms 

combined with 

anchored walls 
 

      

5 
Compaction 

grouting 
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6 
Precast concrete 

slab on piles 
 

      

7 Soil nailing 

 
      

 
      

8 
Vibro-

compaction 
 

      

9 
Vibro-

replacement 
 

      

10 
Grouted stone 

columns 
 

      

11 
Vibro-concrete 

columns 
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4.3 MITIGATING GROUND VIBRATIONS 
Several new traffic situations can imply an increase of ground vibration levels. Therefore, it is important 

to have a high understanding of ground vibrations. The topic of ground vibrations and how these 

should be mitigated has been the focus of the EU-project RIVAS ς Railway Induced Vibration 

Abatement Solutions (see http://www.rivas-project.eu ). A good and easy to read summary is 

presented in the final newsletter, see (UIC, 2013). For more in-depth information, the RIVAS project 

has authored a number of guidelines to aid in vibration reduction see references. 

4.3.1 METHODOLOGY 

RIVAS investigated a number of preventive and mitigating actions. To quantify the efficiency of these, 

vibration levels were measured in a test section and in a reference section at a certain distance from 

the track before and after the installation of the mitigation measure. In addition, an analysis of vehicle, 

track and soil parameters that significantly influence vibration levels was carried out. To assess the 

annoyance inside buildings four descriptors (two vibration-related and two vibration-induced noise 

related) were employed. The annoyance reduction was then presented with respect to the costς

benefit ratio. 

The proposed methodology proved to be an efficient means of identifying the potential of different 

mitigating actions. One important finding was however that the measured efficiency depends 

significantly on the pre-load of the track. 

4.3.2 GENERATION OF VIBRATIONS 

Regarding the generation of vibrations in the wheelςrail interface, it was shown that wheel out-of-

roundness (and in particular local tread defects such as wheel flats) could have a strong influence on 

the vibrations emitted by some categories of rolling stock. Track geometry defects with wavelengths 

shorter than some 10 m have some influence on the low frequency vibration, but the parametric 

http://www.rivas-project.eu/
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excitation due to sleeper passing has to be considered in addition. Isolated defects shorter than 3 m 

may generate significantly high free-field vibrations. Finally, dipped rails at welds and insulated rail 

joints can generate high wheelςrail impact loads with broad frequency contents that lead to high 

vibration levels.  

In summary, the analyses in RIVAS concluded that regarding track defects longitudinal level 

misalignments with wavelengths of 0.6 m seem to have the highest overall vibration impact, although 

the highest vibration levels are found near welds and insulation joints. Regarding wheels, out-of-

roundness is the main influencing factor. To capture the essential track geometry characteristics, RIVAS 

proposed to introduce a new wavelength band containing wavelengths in the interval 0.5 ς 3 m for the 

assessment of track geometry measurements. 

Regarding vehicle characteristics, the influences of the car-body mass and the bogie mass are small on 

vibration that propagates to larger distances from the track. The secondary suspension comes into play 

at very low frequencies where other generation mechanisms related to the soil often are dominant. 

The primary suspension stiffness and in particular the unsprung mass are the two vehicle parameters 

that have the most significant influences on the vibration level. As an indication of the efficiency of 

mitigating actions, simulations estimated reductions in nearby houses to some 2ς3 dB owing to a 

reduction of unsprung mass by 35%.  

More information can be obtained from the RIVAS guideline D5.5.  

4.3.3 TRACK-BASED MITIGATION 

As for track-based mitigation, RIVAS evaluated the following measures: 

¶ Soft under sleeper pads coupled with heavy (wide) sleepers optimized for straight ballasted 

tracks 

¶ Soft rail pads optimized for straight ballasted tracks 

¶ Soft under sleeper pads in curves  

¶ Soft under sleeper pads in switches  

¶ Soft under sleeper pads optimized for the GETRAC slab track system 

It was found that ground stiffness has a minor impact on the efficiency of both under sleeper pads and 

rail pads for sleeper systems. 

Simulations indicated that sleeper pads on slab would reduce ground-borne noise, but increase 

vibrations.  

More information can be obtained from the RIVAS guideline D3.13. 
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4.3.4 TRANSMISSION REDUCTIONS 

Studied mitigating actions include installation of trenches, buried wall barriers, subgrade stiffening, 

horizontally layered wave-impeding blocks, and heavy masses at the soil surface. Since the layered 

ground structure has a significant influence on the response, all options were studied numerically for 

different ground types to establish the circumstances in which they are efficient. In addition, three 

field tests were carried out: soil stiffening next to the track, a trench barrier, and a sheet piling wall. 

As an example of results, a sheet-piling wall in Furet (Sweden) with a length of 100 m and a depth of 

12 m with every fourth pile extended to 18 m was installed. Measurements showed that maximum 

vibration levels are reduced by about 50% close to the wall. At 32 m from the centre the maximum 

levels are reduced by about 30% while at 64 m from track centre, no reduction in maximum vibration 

levels is seen. The sheet pile wall did not lead to any increase in vibration levels at the other side of the 

track.  

A soft wave barrier, 6 m deep, 5 cm wide located at 8 m from the track also resulted in reduction of 

vibrations and ground-borne noise in three nearby buildings. The reductions varied between some 2 

dB to some 15 dB depending on building and descriptor used.  

The analysis further revealed the usefulness of numerical simulations in evaluating different solutions. 

In addition, the levels of reduction were found to be significantly influenced by ground characteristics. 

More information can be found in the RIVAS guideline D4.6. 
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5. Bridges 

5.1 GENERAL 

5.1.1. CODES FOR NEW AND EXISTING BRIDGES ɀ SAFETY REQUIREMENTS 

¢ƻŘŀȅΩǎ ŎƻŘŜǎ ŀǊŜ ǿǊƛǘǘŜƴ ŦƻǊ ǘƘŜ ŘŜǎƛƎƴ ƻŦ ƴŜǿ ǎǘǊǳŎǘǳǊŜǎΣ ŜΦƎΦ ǘƘŜ 9ǳǊƻŎƻŘŜǎΣ 9/л ς EC9 (2000-2009). 

An interesting account of the obstacles encountered in their development is given by (Johnson, 2009) 

who was involved in the first 40 years of the creation of the codes. Now work is going on to implement, 

revise and harmonize them, see e.g. (EC Handbook 1-4 (2004, 2005) and JRC Bridge Examples, (2012).  

When building a new structure there are uncertainties regarding geometry, material properties, 

construction quality and loads. These uncertainties can be balanced by a reasonable safety margin in 

partial coefficients (), special load factors for railways ()h and reliability indices (̡). The partial 

coefficients are safety factors used for loads and material properties, the -hfactor adjusts for rail traffic 

that is heavier or lighter than normal traffic and the reliability indices indicate the internationally 

accepted probability of failure. The (h-factor) is used to meet future needs (see chapter 1 Background). 

Typical partial coefficients in the Eurocodes for permanent loads are G = 1.35 and for live loads 

Q = 1.50. For structural material properties, typical values of the partial coefficients are c = 1.50 for 

concrete and s = 1.10 for structural steel, see e.g. (EC Handbook 1, 2004). The rail traffic -hfactors may 

vary between 0.75 and 1.46 with h = 1.33 recommended on lines for freight traffic and international 

lines, (UIC 702, 2003).  A probability of failure of 1 in 100 hundred, Pf = 0.01, corresponds to a reliability 

index ̡  = 2.3, a probability Pf = 10-5 corresponds to ̡= 4.2, a probability Pf = 10-6 corresponds to ̡= 4.7 

and a probability Pf = 10-7 corresponds to ̡  = 5.2 see e.g. EC Handbook 2 (2005) and (Schneider and 

Vrouwenvelder, 2017).  

The Eurocodes indicate target reliability indices in relation to three classes of consequences (high, 

normal and low) and two reference periods T (1 and 50 years). For a failure with low consequences 

(e.g. a greenhouse) during a period of T Ґ рл ȅŜŀǊǎ ǘƘŜ ǊŜŎƻƳƳŜƴŘŜŘ ǊŜƭƛŀōƛƭƛǘȅ ƛƴŘŜȄ ƛǎ ʲ Ґ оΦо 

corresponding to a failure probability of Pf = 0.0005 (5 in 10 000). For a failure with high consequences 

(e.g. a bridge) during a period of T Ґ м ȅŜŀǊ ǘƘŜ ǊŜŎƻƳƳŜƴŘŜŘ ǊŜƭƛŀōƛƭƛǘȅ ƛƴŘŜȄ ƛǎ ʲ Ґ рΦн ŎƻǊǊŜǎǇƻƴŘƛƴƎ 

to a failure probability of Pf = 10-7 (1 in 10 million). If the period is increased to T=100 years, this 

increases the failure probability to Pf = 10-5 όм ƛƴ млл лллύ ǿƛǘƘ ʲҐ пΦнΦ 

As a comparison, the risk of death for a person during one year varies with where the person is living 

and what he/she is occupied with and it changes during the lifetime. As an example, in Sweden the 

death probability during one year (T=1) for a 1 year old child is Pf = 0.00012 (1.2 in 10000); for a 40 

year old person it is Pf = 0,001 (1 in 1000); for a 60 year old person it is Pf = 0.01 (I in 100); and for a 

100 year old person it is Pf = 0.36 (1 in 3). The death rate due to accidents and suicide is about 

Pf = 0.001, according to SCB (2007). The acceptable individual risk of death during a year due to an 

accident caused by a structural failure is in JRC Assessment (2015) proposed to be Pf = 10-5 which is 

about 1 % of the general risk for death due to accident and suicide given above for Sweden. 
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When assessing the capacity of an existing structure many of the uncertainties that are present when 

building a new structure can be resolved. The codes for assessment therefore do not need to have the 

same high partial coefficients , a-factors or reliability indices ̡, see e.g. SB-LRF (2007), ML-D1.2 (2013) 

and JRC Assessment (2015). In addition, standard dynamic amplification factors for the influence of 

dynamic loads may be reduced after a study of a structure. Thus, there is a need for special codes for 

upgrading of existing structures.  

An early example of such codes was the Swedish BV Bärighet, (1996). The code has been updated 

several times and is presently divided in two parts, one with requirements TRVK Bärighet, (2014) and 

one with recommendations TRVR Bärighet, (2014). 

One example of a new set of standards for assessment of existing structures is the Swiss code (SIA 

269/1/2/3, 2011). (Brühwiler, 2014 and 2015) gives a description of the positive experiences with it. 

He highlights major principles and approaches, in particular those related to a stepwise procedure, see 

Figure 5.1, and by updating of action effects through monitoring, updating of structural resistance and 

novel technologies of intervention, such as strengthening. It is often beneficial to use site-specific live 

loads and dynamic amplification factors, see e.g. ML-D1.4 (2012) and (Casas and Rodrigues, 2015). In 

the Swiss codes the recommended reliability index for a reference period of T = 1 year varies from 

b= 3.1 for a minor consequence of a failure to b = 4.7 for a serious consequence, see JRC Assessment 

(2015). This is lower than the factor b = 5.2 given above for new bridges. 

In France, partial safety factors have been studied for different variables, such as reinforcement area, 

yield strength, concrete density and fixed load moment. For road bridges, the allowable reliability 

index could in some case be lowered with 7 % compared with the target reliability index, (Cremona, 

2014). 

Work has also started on a Eurocode for assessment of existing structures; see JRC Assessment 

(2015). 

5.1.2. INFLUENCE OF NEW TRAFFIC SITUATIONS 

For bridges the highest impact comes from increased axle loads and meter loads. Longer trains and 

increased train weights have some impact, whereas higher speeds on freight trains has little impact 

and increased loading gauges usually has no impact. 

In order to successfully adjust existing structures to new traffic situations, codes and assessment 

methods have a vital importance. General principles will be commented on below before presenting 

specific conditions for different types of structures.  

The fatigue capacity for steel and reinforcement will usually decrease with shorter life lengths as a 

result. Examples are given in Section 9.1.2 and Figure 9.2 for tracks but the phenomenon is valid for all 

metallic materials. 
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5.1.3. INFLUENCE ON MAINTENANCE ROUTINES  

Instead of continuing the orders of static maintenance schedules and of break-fix work, new methods 

for proactive, preventive and predictive maintenance routines are being introduced. 

tǊƻŀŎǘƛǾŜ ƳŀƛƴǘŜƴŀƴŎŜ ƛǎ ǘƘŜ ƳŀƛƴǘŜƴŀƴŎŜ ǇƘƛƭƻǎƻǇƘȅ ǘƘŀǘ ǎǳǇǇƭŀƴǘǎ άŦŀƛƭǳǊŜ ǊŜŀŎǘƛǾŜέ ǿƛǘƘ άŦŀƛƭǳǊŜ 

ǇǊƻŀŎǘƛǾŜέ ōȅ ŀŎǘƛǾƛǘƛŜǎ ǘƘŀǘ ŀǾƻƛŘ ǘƘŜ ǳƴŘŜǊƭȅƛƴƎ ŎƻƴŘƛǘƛƻƴǎ ǘƘŀǘ ƭŜŀŘ ǘƻ Ŧŀǳƭǘǎ ŀƴŘ degradation. Unlike 

predictive or preventive maintenance, proactive maintenance commissions corrective actions aim at 

failure root causes, not failure symptoms. Its central theme is to extend the life of assets as opposed 

to (1) making repairs when often nothing is wrong, (2) accommodating failure as routine or normal, or 

(3) detecting impending failure conditions followed by remediation. Proactive maintenance depends 

on rigorous inspection and condition monitoring. In bridges it seeks to detect and eradicate failure root 

causes such as corrosion and fatigue. It may use remote condition monitoring and BIM (Building 

Information Modelling), (Ricketts, 2017). 

5.2  WORK PROCESS ɀ ASSESSMENT AND STRENGTHENING OF EXISTING 

BRIDGES.  
In Figure 5.1 below, an assessment is divided into three phases: Initial, Intermediate and Enhanced. 

The initial first phase includes a site visit, study of documentation and simple calculations. The 

intermediate second phase may include material investigations, detailed calculations and/or analyses 

and further inspections and monitoring. The enhanced third phase usually consists of refined 

calculations and analyses including statistical modelling and reliability based assessments, laboratory 

examinations and/or field-testing and economic decision analysis. Similar well-structured procedures 

are proposed in (Schneider, 1994), ISO 13822 (2010) and JRC Assessment (2015). An enhanced 

assessment is often the most cost-effective way to increase the allowable load, as there is in most 

cases a considerable hidden bearing reserve in existing bridges and culverts.  

The value of a structured approach will be illustrated with examples below.  Hidden bearing capacities 

have also been proven by full-scale tests of bridges to collapse, see e.g. (Puurula et al, 2015). In 

addition, there are many examples of successful strengthening of bridges that have provided the extra 

capacity needed to fulfil a new traffic situation, ML-D1.4 (2015), (Nilimaa, 2015). General information 

on upgrading and strengthening of structures is given in e.g. the guidelines and background documents 

from the European projects Sustainable Bridges (2007) and MAINLINE (2014), see also (Paulsson et al, 

2016).  
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FIGURE 5.1 FLOW CHART FOR ASSESSMENT OF EXISTING BRIDGES AND OTHER STRUCTURES. THREE PHASES ARE IDENTIFIED:  

INITIAL, INTERMEDIATE AND ENHANCED DEPENDING ON THE COMPLEXITY OF THE QUESTIONS INVOLVED. SB-LRA (2007). UIC 778-

4(2009), ML-D1.4 (2014), PAULSSON ET AL (2016).  

There are at least 250,000 railway bridges in Europe and nearly 75 % of these are older than 50 years, 

with about 35 % being older than 100 years, SB-D1.2 (2004), SB-D1.4 (2005).  

Most infrastructure managers have a bridge management system (BMS) with various levels of explicit 

details. Some examples are: Latvia (Lat Brutus), The Netherlands (DISK), Spain (SGP), Japan (JBMS), 

Ireland (Eirspan), Germany (GBMS), Finland (FBMS), Denmark (DANBRO), Switzerland (KUBA), and 

Sweden (BaTMan), see (Mirzaei et al, 2012). The bridges are in most countries well documented and 

maintained in a professional way. This means that the challenge for bridge managers is how regular 

operation and maintenance shall be used as input when upgrading in an optimal way, ML-D1.4 (2014), 

(Casas, 2015).  
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As an example, Sweden uses an internet based system is used since 2004, BaTMan (2017). In the 

system, the structure can be found and it can be assessed whether enough data regarding drawings 

and design calculations is available in the system or if you have to search manually in the archives.  

When upgrading a system, five principle methods can be used, see Figure 5.2: (a) Refined 

calculations; (b) Increased cross section; (c) Change of static system; (d) External prestressing; and (e) 

Externally bonded reinforcement e.g. Fibre Reinforced Polymers (FRP). 

  
Refined calculations Increased cross section 

 
 

Change of static system External prestressing 

 

 

External bonding with FRP  

FIGURE 5.2.  GENERAL UPGRADING METHODS, SB-STR (2007), ML-D1.4 (2014). 

Upgrading and strengthening for the most common types of railway bridges will be treated in the 

following order: foundations, metallic bridges, masonry bridges, concrete bridges, prestressed bridges 

and composite bridges. For other types of bridges, such as suspension bridges, a special study has to 

be made for each individual bridge although the same principles can be applied as presented below. 

5.3 FOUNDATIONS 
An example of how a foundation can be arranged is given in Figure 5.3 The subsoil conditions in the 

transition zones at the bridge abutments often govern the applicable strengthening methods.  

Methods for strengthening and upgrading that can be used are e.g. deep mixing of the soil, jet grouting, 

sheet pile walls/stabilizing berms, compacting grouting and embankment piling (see Chapter 4). 
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Examples and case studies are given in SB-STR (2007). The transition zones when the rails pass from 

ǘƘŜ ŜƳōŀƴƪƳŜƴǘ ǘƻ ǘƘŜ ōǊƛŘƎŜ Ƴŀȅ ŎŀǳǎŜ άōǳƳǇέ ǇǊƻōƭŜƳǎ ŘǳŜ ǘƻ ŘƛŦŦŜǊŜƴǘ ǎǘƛŦŦƴŜǎǎΣ ǎŜŜ {.-LRA 

(2007) and (Fara, 2014).   

 

 

FIGURE 5.3 EXAMPLE OF A FOUNDATION WITH PILES OR SLABS (P) RESTING ON SUBSOIL (O), SB-STR (2007), ML-D1.4 

(2014). 

Low stability of embankment in transition zones might be a problem, see Figure 5.4. Slip surfaces for 

stability calculations in Figure 5.4, may need refined methods in deformation-softening clays, see 

(Bernander et al, 2011 and 2016), (LaBoe, 2015). 

 

FIGURE 5.4 PRINCIPLE FOR THE ANALYSIS OF STABILITY OF EMBANKMENT IN TRANSITION ZONES, SB-STR (2007), ML-

D1.4 (2014). ON LONG SLOPES WITH A MODERATE INCLINATION PROGRESSIVE FAILURE MAY BE INDUCED BY HIGHER LOADS, SEE E.G 

BERNANDER ET AL. (2011, 2016). 
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5.4 METALLIC BRIDGES 
Metallic bridges can be made of cast iron, wrought iron, steel, stainless steel or aluminium. They can 

have several different designs such as girder, truss and box girder bridges. In addition to this, metallic 

bridges can be found in almost any design with different material qualities for different structural 

members within the same structure, SB-LRA (2007).  

5.4.1 METALLIC TRUSS BRIDGE 

The superstructure of a truss bridge commonly consists of two vertical trusses on each side of the 

track. The track can also be located above the truss beams. The trusses are often the primary structural 

elements of the bridge and they consist of many members, such as top and bottom elements, diagonal 

and vertical struts, and end struts. These members form the truss and are mainly subjected to tensile 

or compressive forces. A horizontal truss at the top or bottom of the bridge gives horizontal stability. 

The horizontal truss gives bearing capacity for horizontal loads from wind and horizontal accelerations 

of the train. Bolts or rivets mutually connect all truss members. 

A schematic truss bridge is shown in Figure 5.5. This type is often used for bridges that were built 

before 1950s with medium span lengths. 

 

FIGURE 5.5 METALLIC TRUSS BRIDGE, SB-STR (2007), ML-D1.4 (2014) 

Typical causes for upgrading are: 
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- Deficient global bearing capacity or stiffness, or deficient tensile capacity in structural 

elements and joints. This can be remedied with external longitudinal pre-stressing 

- Deficient compression bearing capacity of beam-like elements. Relatively many structures are 

slender and have more than sufficient compression strength, hence global buckling limits the 

capacity of these structures. This can be remedied with external Carbon Fibre Reinforced 

Polymer (CFRP) plates or sheets, or by increasing the cross section. 

- Deficient bearing capacity of joints including rivets. Cross-sections are often changed in 

connection to joints, which leads to additional stress concentrations, which in turn may cause 

fatigue problems. This can be remedied by external pre-stressing and/or replacement of 

components as rivets and bolts.  

- Deficient shear bearing or buckling capacity of webs or flanges. Longitudinal and/or transverse 

stiffeners and/or external CFRP can remedy this. 

- In conjunction to welds, cross-sections are changed, which causes additional stress 

concentration, which in turn may cause fatigue problems and possible crack initiation and 

growth. This can be remedied by repair welding of cracks, drilling of stop holes, and external 

prestressing or external CFRP.  

Two examples are given below in section 5.7.1 

5.4.2 METALLIC BEAM BRIDGES 

Examples of methods are given in SB-D3.4 (2007), SB-ICA (2007) and SB-LRA (2007). Fatigue problems 

are studied in (Kühn et al, 2008). An example of a main steel girder in a beam bridge is given in Figure 

5.6. 

 

FIGURE 5.6.  FRONT VIEW OF THE MAIN STEEL GIRDER FOR AN INVESTIGATED STEEL BEAM BRIDGE, SB-D3.4 

5.4.3 OTHER METALLIC BRIDGES 

Arch bridges are sometimes made of steel. An example is given in Section 5.7.1. 
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5.5 MASONRY BRIDGES 
It is vital from the outset that a holistic approach is taken in the assessment and 

upgrading/strengthening of masonry arch bridges. To change the nature and/or stiffness of one 

element of the bridge may result only in re-distribution of stresses, which may cause overstressing of 

another element. Since most masonry arch bridges will be expected to remain in service for a 

considerable period in the future, it is important not to carry out works that might compromise their 

inherent durability, e.g. increase the working stress regime in the masonry and thus potentially reduce 

its fatigue life. 

Masonry bridges can be found in a large variety of designs. The arch may have different numbers of 

rings and different formations. Masonry arch bridges are usually defined by the material from which 

they are constructed, the shape of the arch, number of spans and its orientation; for example, a άstone, 

segmental, 3-span, skewed masonry arch bridgeέ. 

Some areas where upgrading/repairs may be needed are given in Figure 5.7, SB-STR (2007). 

 
 

FIGURE  5.7 MASONRY BRIDGES WITH INDICATIONS OF DIFFERENT AREAS FOR UPGRADING/ REPAIR. 

M  ς DETERIORATING MASONRY;  N ς INADEQUATE LOAD CARRYING CAPACITY OF ARCH OR BARREL; O ς SEPARATION 

BETWEEN RINGS IN MULTI-RING ARCH BARRELS (DELAMINATION); P ς MOVEMENTS OF PIERS AND ABUTMENTS;  Q ς SPANDREL WALL 

MOVEMENT;  R ς WEAK FILL; S ς PARAPET DAMAGE 

Example of upgrading and repair methods for the different areas in Figure 5.7 are: 

M  Deteriorating masonry:  

Repointing, arch grouting, patch repairs, waterproofing and drainage   

N  Inadequate load carrying capacity of arch or barrel:  

Arch distortion remedial work, backfill replacement/reinforcement, concrete saddle 

strengthening, prefabricated liners, relieving slabs, retro-reinforcement and sprayed 

concrete lining 

O Separation between rings in multi-ring arch barrels (Delamination):  

Arch grouting, patch repairs, through ring stitching. 
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P Movements of piers and abutments:  

Underpinning, patch repairs.  

Q Spandrel wall movement:  

Backfill replacement/reinforcement, Spandrel strengthening 

R Weak fill:   

Backfill replacement/reinforcement, grout fill if suitable. 

S Parapet damage:  

Patch repairs, parapet upgrading. 

Examples and methods are given in e.g. SB-LRA (2007) and SB-STR (2007). More material and 

backgrounds are given in e.g. (Hendry, 1998), UIC 778-3 (2014), SB-D4.7.1 (2007), SB-D4.7.4 (2007) and 

(Harvey, 2012). 

5.6 CONCRETE BRIDGES 
Relatively many concrete structures have a non-utilized compression capacity. Here the amount of 

existing steel reinforcement and thereby the tensile strength limits the load carrying capacity. In cases 

when compressive strength limits the capacity, it is not suitable to give general suggestions for 

improvement since an extended load carrying section is usually required and also stability issues where 

suitable solutions depend on the specifics of the situation need to be considered. In this section, 

possible strengthening needs (with focus on increasing the tensile strength) will be given for T-beam, 

trough, box and arch bridges. 

5.6.1 BRIDGES WITH T-BEAMS 

In a beam bridge, the beams constitute the main load carrying structural element. They have to carry 

the loads from the traffic and the weight of the bridge deck as well as the self-weight and also 

transfer vertical and horizontal forces down to the substructure of the bridge. The beam bridge type 

of structure includes in situ casting and prefabricated beams and girders. The concrete beam bridge 

is usually constructed of two or more beams. The beams may be of T-section, rectangular or of other 

shapes. In Figure 5.8, a beam bridge is shown with marked areas for possible upgrading. Example of 

upgrading and repair methods for the different areas in Figure 5.8 are given in Table 5.1. 
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FIGURE 5.8 BEAM BRIDGE WITH INDICATION OF POSSIBLE AREAS FOR UPGRADING.  A ς DEFICIENT FLEXURAL BEARING 

CAPACITY; B - DEFICIENT FLEXURAL BEARING CAPACITY IN AREAS HARD TO ACCESS; C - DEFICIENT SHEAR BEARING CAPACITY IN BEAMS;  

D - DEFICIENT SHEAR BEARING CAPACITY IN SLABS. SB-STR (2007). 

5.6.2 TROUGH BRIDGES 

The trough bridge shown in Figure 5.9 can be found in numerous alternative designs. Typically, two 

main girders, sometimes with a small flange at top, are connected with a slab at the lower part forming 

a trough. The trough is normally filled with ballast with one or two railway tracks at the same level as 

the upper part of the girders. The main girders can be different in size and shape with aligned or vertical 

sides. Trough bridges are often skewed. 

Examples of upgrading and repair methods for the different areas in Figure 5.9 are given in Table 5.1. 
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FIGURE 5.9 TROUGH BRIDGE WITH INDICATION OF POSSIBLE AREAS FOR UPGRADING.    

A ς DEFICIENT FLEXURAL BEARING CAPACITY;  B - DEFICIENT FLEXURAL BEARING CAPACITY IN AREAS HARD ACCESS; C - DEFICIENT 

SHEAR BEARING CAPACITY IN BEAMS;  D - DEFICIENT SHEAR BEARING CAPACITY IN SLABS. SB-STR (2007). 

5.6.3 BOX GIRDER BRIDGES 

Compared to other beams, the deck of a box girder is identical to the top flange, the walls form the 

web and the bottom plate is similar to the bottom flange. The box girder bridge, shown in Figure 5.10 

is often used for spans in the longer region. In such cases, the bridge carries a high amount of dead 

weight. Box girder bridges are often post tensioned and often carry two or more railway lines. 

Examples of upgrading and repair methods for the different areas in Figure 5.10 are given in Table 5.1. 
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FIGURE 5.10 BOX GIRDER BRIDGE WITH INDICATION OF POSSIBLE AREAS FOR UPGRADING.    

A ς DEFICIENT FLEXURAL BEARING CAPACITY; C - DEFICIENT SHEAR BEARING CAPACITY IN BEAMS; D-DEFICIENT SHEAR CAPACITY IN 

SLABS. SB-STR (2007). 

5.6.4 CONCRETE ARCH BRIDGES 

The type of structure termed arch includes open and closed spandrel arch bridges as well as earth filled 

arch bridges. The bridge deck can be either above, between or underneath the arches. The concrete 

arch shown in Figure 5.11 can be found in several designs. Most arches are designed to carry loads 

through compressive forces. However, the arches often contain steel reinforcement and with the 

required loads of today, bending and tensile strains may be introduced in the arch. This means that 

arches once designed primarily for compressive forces, may also need to have sufficient shear and 

bending capacity. 

Examples of upgrading and repair methods for the different areas in Figure 5.11 are given in Table 5.1. 
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FIGURE 5.11 CONCRETE ARCH BRIDGE WITH INDICATION OF POSSIBLE AREAS FOR UPGRADING.    

A ς DEFICIENT FLEXURAL BEARING CAPACITY; C - DEFICIENT SHEAR BEARING CAPACITY IN BEAMS; E ς DEFICIENT BEARING CAPACITY 

IN COLUMNS AND ARCHES. SB-STR (2007). 

5.6.5 PRESTRESSED CONCRETE BRIDGES 

The difference between reinforced and prestressed bridges is that higher steel qualities are used that 

makes it possible to pre- or post-stress the concrete in compression so that tensile stresses and 

cracking can be avoided.  Prestressed bridges can therefore often be longer than bridges without 

prestressing, see e.g. (Collins and Mitchell, 2001). A question that has to be clarified is the condition of 

the prestressed steel. Sometimes corrosion can be a problem, see e.g. (Haixue, 2014). 

The strengthening methods given above for reinforced concrete can often also be used for pre-

stressed concrete.  However, in order to get enough effect, the strengthening materials also often 

need to be pre-stressed. Below in Section 5.7.3 some recent examples are given.  
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5.6.6 COMPOSITE BRIDGES 

A structure in which the main bearing elements consist of parts of two different materials in structural 

cooperation is usually called a composite structure. The most common composite structures in bridges 

are those based on prefabricated steel girders onto which a slab of concrete is cast. In the same way, 

it is possible to think of pre-fabricated concrete beams in combination with an on-site cast slab. The 

slab can in turn be built up of elements of e.g. the so-ŎŀƭƭŜŘ άŦƛƭƛƎǊŜŜέ ǘȅǇŜ ǿƛǘƘ ŀƴ ƻƴ-site cast concrete 

covering, see Figure 5.12. 

 

FIGURE 5.12 EXAMPLES OF COMPOSITE STRUCTURES FOR A BRIDGE. COLLIN ET AL (2012). 

In order to achieve composite action or cooperation, some component that can transfer shear forces 

between the structural elements is required. Because of this composite action, a stronger and stiffer 

structure is obtained with a better utilization of the material. At the same time, it is an advantage that 

it is possible to prefabricate the main beams. 

Bridges based on composite action between steel beams and a concrete slab have been used since the 

beginning of the 1970s. After the development of effective shear connectors in the form of shear studs 

this type of bridge has been widely used especially for spans in the order of 30 to 60 meters, see e.g. 

(Collin et al, 2012), (Collin, 2013), (El Sarraf et al, 2013) 

Strengthening of composite bridges can be carried out by the principles presented earlier, i.e. 

prestressing, or adding steel or CFRP on sections with too high stresses. 
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5.6.7 CONCRETE STRUCTURAL COMPONENTS 

There exist other bridges of reinforced concrete which are not presented in this report. However, 

instead of aiming to present all the possible concrete bridges, structural components used in bridges 

will be presented below. Figure 5.13 shows a concrete column subjected to high compressive forces. 

 
FIGURE 5.13 CONCRETE COLUMN AND SUPPORTING SLAB WITH INDICATION OF POSSIBLE AREAS FOR UPGRADING.  

 A ς DEFICIENT FLEXURAL BEARING CAPACITY;   B - DEFICIENT FLEXURAL BEARING CAPACITY IN AREAS HARD ACCESS;   D - DEFICIENT 

SHEAR BEARING CAPACITY IN SLABS; E ς DEFICIENT BEARING CAPACITY IN COLUMNS AND ARCHES. SB-STR (2007). 

Figure 5.14 shows a concrete beam that can be loaded in any direction. However, most common for 

beam elements is that the element is loaded in a combination of shear and bending. 

 
FIGURE 5.14 TYPICAL CONCRETE BEAM WITH INDICATION OF POSSIBLE AREAS FOR UPGRADING.  A ς DEFICIENT FLEXURAL 

BEARING CAPACITY; C - DEFICIENT SHEAR BEARING CAPACITY IN BEAMS. SB-STR (2007). 

Examples of upgrading and repair methods for the different areas in Figure 5.13 and 5.14 are given in 

Table 5.1. 

 



  
D11.5 ς  Upgrading of infrastructure in order to 

meet new operation and market demands (Final) 

 

 
 

CAPACITY4RAIL 
SCP3-GA-2013-605650 

01/09/2017 

 

CAPACITY4RAIL PUBLIC Page 96 

5.6.8 SUMMARY OF METHODS FOR CONCRETE BRIDGES  

 

TABLE 5.1 EXAMPLES OF UPGRADING METHODS FOR CONCRETE BRIDGES, SB-STR (2007) 

 Deficiency Upgrading method 

A Flexural bearing 
capacity 

External Carbon Fibre Reinforced Polymer (CFRP) Plate or Sheet 

Mineral Based Composite (MBC) 

Near Surface Mounted Reinforcement (NSMR) 

External prestressing 

Increased cross section 

B Flexural bearing 
capacity hard to 
access 

External prestressing 

Internal rods in drilled holes 

C Shear in beams External Carbon Fibre Reinforced Polymer (CFRP) Plate or Sheet  

Mineral Based Composite (MBC) 

Near Surface Mounted Reinforcement (NSMR) 

External prestressing, longitudinal or transversal 

New stirrups and concrete casting 

Internal steel/CFRP rods 

Stitching 

Fibre reinforced shotcrete 

D Shear in slabs Internal steel/CFRP rods 

Internal or external prestressing 

Increase of load-transfer area 

E Columns External Carbon Fibre Reinforced Polymer (CFRP) Plate or Sheet 

Steel jacket 

Increased reinforced cross section 

 

Examples of methods with prestressing are given in e.g. (Siwowski & Zóltowski, 2012) and (Nilimaa, 

2015), see chapter 5.7.3 

Methods for design of upgrading are given in e.g. ACI 440.4R-04 (2004), ACI 440.1R-06 (2006), SB-STR 

(2007), (Reid, 2009), (Täljsten et al, 2011), fib B62 (2012), ML-D1.4 (2014) and (Zilch et al, 2014) An 

example of the assessment of the effect of various strengthening techniques is given in (Puurula et al, 

2015), see section 5.7.2 below. 

In (Noël & Souki, 2013) tests on the effect of pre-stressing on the performance of glass fibre reinforced 

polymers (GFRP)-reinforced concrete slab bridge strips is presented. 

5.7 EXAMPLES OF ASSESSMENT, STRENGTHENING AND TESTING OF BRIDGES 
The hidden capacity of bridges can be found by an enhanced assessment procedure. Several such 

assessments have been confirmed by load tests to failure of structures that have been ς or were 
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scheduled to be ς taken out of service. The testing is also a perfect way to calibrate models for the 

load-carrying capacity. Important experiences in recent projects have been obtained in this way. Case 

studies and examples of upgraded structures are given in SB-STR (2007), ML-D1.3 (2015) and ML-D1.4 

(2015). A summary and an overview of 28 concrete bridges tested to failure are given in (Bagge et al, 

2017c).  

Below some examples are given of assessment, strengthening and testing of bridges. 

5.7.1 STEEL TRUSS BRIDGES 

After an enhanced assessment process, a partial replacement of the superstructure of an old truss 

bridge is often an economic way to upgrade the capacity and to prolong service life of the whole 

structure. Usually three critical constraints are present: (1) working with short possession times; (2) 

limited substructure capacity; and (3) limited budget. 

An example of such a replacement is the exchange of the steel truss deck of the arch bridge at Forsmo 

over the Ångerman River in Northern Sweden; see Figure 5.15 to 5.17 (Enevoldsen et al, 2002), (Collin 

et al, 2010). 

Another example is the strengthening by prestressing of an 85 year old four span truss bridge over 

Skellefteå River in 1996, see SB-STR (2007), Case study CS005:02. 

 

FIGURE 5.15 FORSMO BRIDGE OVER ÅNGERMAN RIVER, SWEDEN, AFTER STRENGTHENING; 
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FIGURE 5.16 STEEL TRUSS ARCH WITH REPLACEMENT OF TOP STRUCTURE AT THE FORSMO BRIDGE. COLLIN ET AL (2010). 

 

 
FIGURE 5.17 CHANGE OF SUPERSTRUCTURE OF THE FORSMO BRIDGE 

In the MAINLINE project a 55-year-old 33 m long metallic truss bridge, the Åby Bridge, was assessed 

and tested in 2013 This bridge could also carry loads much higher than the design loads, ML-D1.3 

(2015), see Figure 5.18. The regulated axle load on the route (25 tons) was exceeded approximately 4 

times before a non-linear behaviour of the deflection the mid span occurred, and almost 6 times be 

for the ultimate load was exceeded. The structural behaviour of the Åby Bridge remained ductile and 

the maximum load was reached in a nondramatic fashion without failures in joints. No fatigue 

problems could be found and the final collapse was due to buckling of the top frame beam, ML-D1.3 

(2015), (Blanksvärd et al, 2014), (Häggström et al, 2016 and 2017).  
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FIGURE 5.18 TEST OF 55 YEAR OLD 33 M LONG METALLIC BRIDGE AT ÅBY RIVER IN 2013. OVERVIEW OF TEST SITE WITH 

TWO JACKS ANCHORED IN THE BED ROCK IN THE CENTRE (LEFT) AND FINAL BUCKLING FAILURE OF TOP GIRDER BEAM (RIGHT), ML-

D1.3 (2015), HÄGGSTRÖM ET AL (2016, 2017).  

5.7.2 CONCRETE TROUGH BRIDGES 

The possibilities were investigated to increase the axle load on Malmbanan (the Iron Ore Line in 

northern Sweden) from 25 to 30 ton. A full-scale test was carried out in the laboratory at Luleå 

University of Technology of a 29-year-old trough bridge with a length of 7,2 m, see Figure 5.19 

(Paulsson and Töyrä, 1996), (Paulsson et al, 1996 and 1997), (Thun et al, 2000 and 2006) and (Elfgren, 

2015). Before the final test, the bridge had been loaded with 6 million load cycles with an axle load of 

1,2x30 = 36 ton without any notable damage formation and with only hairline cracks in the bottom of 

the slab. The tests showed that the fatigue capacity of the bridge was much higher than what was 

predicted by the codes, (Thun et al, 2000 and 2006). 
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FIGURE 5.19 FULL SCALE TEST OF A 29-YEAR-OLD RAILWAY TROUGH BRIDGE AT LULEÅ UNIVERSITY OF TECHNOLOGY.  

PAULSSON ET AL (1996, 1997), THUN ET AL. (2000), ELFGREN (2015). 

Another trough bridge on the Iron Ore Line at Luossajokk was assessed in 2002 with a reliability-based 

method to see if it could carry an increased axle load of 30 tonnes. It was shown that a satisfactory 

reliability index of b > 4.75 could be reached for reasonable combinations of loads, (Enochsson et al, 

2002).  

In the Sustainable Bridges Project a 51-year old, two-span trough bridge (12 + 12 m) was assessed and 

strengthened in bending with Near Surface Mounted Reinforcement (NSFR) consisting of rectangular 

Carbon Fibre Reinforced Polymer (CFRP) bars glued into grooves sawn into the bottom of the slab. The 

bridge was then tested to failure in 2006 and an interesting combined failure in bond, shear, bending 

and torsion was obtained for a load six times the design load, see Figure 5.20, SB-D7.3 (2008), (Puurula 

et al, 2012, 2014, 2015 and 2016). 
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FIGURE 5.20 TEST TO FAILURE OF A STRENGTHENED TROUGH IN ÖRNSKÖLDSVIK, 2006. TOP: OVERVIEW OF BRIDGE WITH 

EAST RAIL BANK CUT AWAY AND REPLACED BY A TEMPORARY ROAD TO SUBSTITUTE THE LANE UNDER THE BRIDGE SPAN BEING TESTED. 

BELOW: DETAIL OF FAILURE IN SOUTH BEAM CAUSED BY A COMBINATION OF STRESSES DUE TO BOND, SHEAR, BENDING AND TORSION. 

SB-D7.1 (2006), PUURULA ET AL (2012, 2014, 2015, 2016)).    
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In another example of reinforcement, the load carrying capacity of a trough bridge in Haparanda, 

Sweden, was increased from an axle load of 250 kN to 300 kN by prestresseing the slab, see figure 

5.7.7, ML-D1.1 (2013), Nilimaa et al (2013, 2014, 2015).  

 

 
FIGURE 5.21 UPGRADED CONCRETE TROUGH BRIDGE BUILT IN 1959 IN HAPARANDA IN NORTHERN SWEDEN. IN 2012 THE 

BRIDGE WAS STRENGTHENED WITH EIGHT POST-STRESSED BARS INSTALLED IN HOLES DRILLED THROUGH THE SLAB (INSERT LEFT). ML-

D1.1 (2013), (NILIMAA ET AL, 2013, 2014, 2015). 

An example of an assessment of a concrete arch bridge over the Kalix River at Långforsen in northern 

Sweden is given in Figure 5.22 (Wang et al, 2016), (Sabourova et al, 2017). The bridge was built in 1960, 

has a total length of 176,5 m and a mid-span length of  89.5 m and was assessed with finite element 

simulations calibrated towards measurements of strains deflections and accelerations. The axle load 

could be increased from 225 to 300 kN. 

 

FIGURE 5.22 THE BRIDGE OVER KALIX RIVER AT LÅNGFORSEN (WANG ET AL, 2016), (SABOUROVA ET AL, 2017).  
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5.7.3 PRESTRESSED BRIDGES  

In (Hassam and Rizkalla, 2002) half-scale models of a pre-stressed concrete bridge were tested to 

failure. The test specimens consisted of one simple span and two overhanging cantilevers. Each 

specimen was tested three times using a different load location in each case. Five different 

strengthening techniques were investigated including near surface mounted Leadline bars, C-Bars, 

CFRP strips and externally bonded CFRP sheets and strips. Ultimate capacity, failure mechanism and 

cost analysis of various strengthening techniques for concrete bridges were presented.  

In (Velerino et al, 2006) the shear capacity of a pre-stressed concrete bridge was increased by using 

embedded Fibre Reinforced Polymer (FRP) bars. 

In (Czaderski & Motavalli, 2007) pre-stressed CFRP were applied to strengthen a 17 m long pre-stressed 

I-ōŜŀƳ ǘƘŀǘ ƘŀŘ ōŜŜƴ ŀ ǇŀǊǘ ƛƴ ǘƘŜ ά±ƛŀŘƻǘǘƻ ŘŜƭƭŜ /ŀƴǘƛƴŜ ŀ /ŀǇƻƭŀƎƻέ ōǊƛŘƎŜ ŎƻƴǎǘǊǳŎǘŜŘ пл ȅŜŀǊǎ 

before the test, see Figure 5.23. 

 
FIGURE 5.23 TEST SETUP OF A PRESTRESSED 40-YEAR-OLD GIRDER STRENGTHENED WITH PRESTRESSED CFRP PLATES, 

CZADERSKI &  MOTAVALLI (2007).  

In 2014 a 55-year-old five span prestressed concrete beam bridge with a total length of 121.5 m was 

assessed and tested to failure in Kiruna in northern Sweden, see Figure 5.24 and 5.25,  (Bagge et al, 

2014, 2015, 2016 and 2017a, b) and (Nilimaa, 2015).  

The project provided a rare opportunity to monitor a post-tensioned concrete bridge during tests to 

failure using a wide array of instruments. The primary aim was to acquire relevant data for calibration 

and development of methods for assessing prestressed and posttensioned concrete structures. The 

test programme included evaluations of the behaviour of the super-structure, two Carbon Fibre 

Reinforced Polymer (CFRP) strengthening systems, and conditions of the post-tensioned cables.  

The Near Surface Mounted (NSM) Carbon Fibre Reinforced Polymer (CFRP) systems used for 

strengthening did function.  However, the prestressed laminates debonded at rather early stages of 

loading.  
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FIGURE 5.24 TEST TO FAILURE OF A STRENGTHENED PRESTRESSED FIVE SPAN BRIDGE IN KIRUNA IN 2014.  OVERVIEW 

FROM N-E WITH THE LKAB IRON ORE MINE IN THE BACKGROUND. (BAGGE ET AL, 2014, 2015, 2016, 2017A,B)    

Comparison of the test result and preliminary analytical calculations indicates difficulties to accurately 

predict the load-carrying capacity. Undoubtedly, redistribution of internal forces took place in the 

structure and should be taken into account in assessment. The shear model in the European standard 

(CEN, 2005) in combination with linear elastic analysis with redistribution was not able to reflect the 

failure of the bridge. The load-carrying capacity was underestimated and the critical section was 

inaccurately located. A method to gradually increase the quality of the numerical model was 

introduced. It corresponds to the enhanced phase in Figure 5.1. The increased quality produced results 

much closer to the test values, see Figure 5.25. Updated values were used for the boundary conditions 

of the columns (somewhat built-in rather than hinged) and a lower concrete tensile capacity and 

fracture energy than what was indicated by the concrete compression strength. 

Results on testing and analyzing the remaining prestressing forces are presented in (Bagge et al, 

2017a,b). Corrosion of tendons could barely be seen in the bridge. However, in other bridges, tendons 

have failed due to and deficient grouts with voids, see e.g. (Permeh et al, 2016) and (Haixue, 2014):   
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FIGURE 5.25 TESTED AND SIMULATED LOAD-DISPLACEMENTS RELATIONSHIPS USING INITIAL AND UPDATED MODELS  FOR 

THE FAILURE  OF THE BRIDGE GIRDERS.  PHOTO AND MODELS OF THE SOUTH GIRDER AFTER FAILURE. (BAGGE, 2017A).  
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6. Tunnels 
According to Table 3.1 it is mostly the need for a greater loading gauge that influences the upgrading 

of tunnels. The loading gauge defines the maximum height and width for railway vehicles and their 

loads to ensure safe passage through tunnels. A clearance is added to the loading gauge to obtain the 

structural gauge (also called the minimum clearance outline). 

Below some guidelines are given. A general handbook on tunnels is Maidl et al (2013, 2014). More 

material can be found in ML-D1.2 (2014) and in UIC-779-9 (2003), UIC-779-10 (2011), UIC 779-11 

(2005) and Ramondenc & Beaume (2004). There is also a special woǊƪƛƴƎ ƎǊƻǳǇ ƻƴ ά¢ǳƴƴŜƭ 

wŜŘŜǾŜƭƻǇƳŜƴǘέΣ ƻǊƎŀƴƛȊŜŘ ōȅ {¢¦±! ό{ǘǳŘƛŜƴƎŜǎŜƭƭǎŎƘŀŦǘ ŦǸǊ ǳƴǘŜǊƛǊŘƛǎŎƘŜ ±ŜǊƪŜƘǊǎŀƴƭŀƎŜƴ ƳōIΣ 

Research Association for Underground Transportation Facilities Ltd), see Simon (2012).  

6.1 GENERAL ASPECTS 
 
Basic tunnel sections for different subgrades are outlined in Figure 6.1 

 
FIGURE 6.1. BASIC TUNNEL SECTIONS FOR DIFFERENT SUBGRADES.  MAIDL ET AL (2014). 

Tunnels can be either lined or unlined and have a variety of shapes as illustrated in Figure 6.2. 

The material used to line tunnels can be masonry (either stone or brick), in situ concrete, precast 

concrete segments or metallic (cast iron or steel) segments and each presents its own challenges when 

life extension is being considered. 

As most railway tunnels date back to the 19th century they were inevitably constructed using hand 

tunnelling techniques, which usually required the construction of vertical access shafts from ground 

level. In some cases, these shafts were left open to provide ventilation but others were backfilled and 

are referred to as buried or hidden shafts whose location is often unknown. Shafts are discussed in 

ML-D1.3 (2015). 
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FIGURE  

6.2. TYPICAL UK TUNNEL CROSS SECTIONS, RAILTRACK (1966) 

The upgrading of a railway line to higher axle loads usually does not present any problems for tunnels 

as the sub ground mostly has a high load-carrying capacity. However, if there is a need to increase the 

tunnel profile, a major challenge is at hand. Then the present profile must be enlarged and this may 

lead to new drilling and blasting in the same way as when a new tunnel is constructed. Maidl et al 

(2013, 2014) give guidance for construction in the aforementioned handbooks.  

Some standard loading gauges are shown in Figure 6.3. The European Rail Agency (ERA) in its Technical 

Specifications for Interoperability (TSI) has defined a number of recommendations to harmonize the train 

systems. The TSI Rolling Stock (2002/735/EC) has taken over the UIC Gauges definitions defining 

http://en.wikipedia.org/wiki/ERA_Technical_Specifications_for_Interoperability
http://en.wikipedia.org/wiki/ERA_Technical_Specifications_for_Interoperability
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Kinematic Gauges with a reference profile such that Gauges GA and GB have a height of 4.35 m (they 

differ in shape) with Gauge GC rising to 4.70 m allowing for a width of 3.08 m of the flat roof. All cars 

must fall within an envelope of 3.15 m wide on a 250 m radius curve. The French high speed trains 

(TGVs), which are 2.9 m wide, fall within this limit. The designation of a GB+ loading gauge refers to 

the plan to create a pan-European freight network for ISO containers and trailers with loaded ISO 

containers, UIC 506 (2008). 

 
FIGURE 6.3. DIFFERENT LOADING GAUGES AND A STANDARD ISO CONTAINER. UIC 506 (2008). 

Technical possibilities for the STUVA group on Tunnel Rehabilitation studies working in tunnels with 

rail services in operation, see Table 6.1 
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TABLE 6.1. TECHNICAL POSSIBILITIES FOR WORKING IN TUNNELS WITH RAIL SERVICES IN OPERATION. SIMON (2012) 

 

6.2 WORK PROCESS 
As part of the process of determining the need to undertake life extension of a tunnel, it is sometimes 

necessary to undertake a structural assessment. This will follow similar lines to that adopted for 

bridges constructed of the same basic engineering material and can include the advanced techniques 

described in chapter 5 of this guideline. 

6.2.1 ASSESSMENT OF TUNNELS 

The deterioration of unlined tunnels is usually limited to failures of the rock through which the tunnel 

is driven, often caused by ground water permeation or the effect of frost. This can vary from the regular 

loss of small pieces from friable rock to the dislodgement of blocks of stone, which could be large 

enough to derail a train as shown in Figure 6.4.  The potential for the latter type of failure is largely 

dependent on the orientation of the bending planes within the rock mass. 

Life extension measures are largely traditional and can consist of (based on McKibbins et al (2009)); 

- Scaling of loose material or the removal of loose blocks 

- Provision of protection shelters 
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- Localised rock bolting 

- Rock bolting and rock fall protection mesh 

- Localised application of sprayed concrete to support weak areas of rock 

- Installation of supporting ribs 

- Installation of full lining, usually using sprayed concrete 

 

FIGURE 6.4.  DEFECTS IN UNLINED TUNNELS .CIRIA C671, MCKIBBINS ET AL (2009) 

 

6.2.2 EXTENSION OF LINED TUNNELS 

MASONRY 

The deterioration of masonry in tunnel linings is very similar to the deterioration of masonry in arch 

bridges and can be due to: 

- Freeze thaw action 

- Salt attack 

- Sulphate attack 

- Leaching of mortar 

- Biological attack 

- Use of unsympathetic repair material 

- Thermal effects 

- Saturation 

- Ground movement 
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- Fatigue 
These deterioration mechanisms usually manifest themselves as spalling of the masonry lining, 

cracking of the masonry lining or loose masonry caused by loss of mortar. 

Traditional repair/life extension techniques usually consist of: 

- Patch repairs  

- Crack repairs 

- Ring separation repair 

- Grouting 

- Underpinning 

- Invert repair 

New support systems have been developed, which can be left in situ permanently. One example is 

shown in case study 2 in Appendix C in ML-D1.3 (2014). 

Examples of action that can be taken includes reinforcement, injection, recessing and inset of shells, 

see Figuer 6.5., Ramondenc & Beaume (2004).  

 

 

FIGURE 6.5 CROSS SECTION OF A RECESSED TUNNEL, RAMONDENC &  BEAUME (2004) 

In a recent project, Upgrading (2016), the works on a tunnel vault is divided into four types, A-D 

depending on the overlapping length, see Figure 6.6. An example is given on how a roadbed can be 

lowered, see Figure 6.7. 
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FIGURE 6.6. FOUR TYPES OF WORKS ON A TUNNEL VAULT, SEE UPGRADING (2016).  

 

In the Report Upgrading (2016), an assessment also presents the practices of the infrastructure 
managers concerning their management of the clearance gauge: knowledge of the actual gauge using 
measurements, procedures implemented in response to requests from railway undertakings, 
monitoring of the infrastructure information and communication of this information to customers, in 
particular via the Network Statements. A Best Practice Guide presents recommendations in terms of 
regulations, based on these assessments, in order to smoothen interactions between the different 
stakeholders, to facilitate access to the rail network by customers and ultimately to develop rail freight 
business. 






































































































































































