
S:\ExtraWeb\WP3 - Web\WP3.8 Web updates\June 06\reports\EUROPEAN\FACT_Final_Report.doc 

 Page 1/73 26/07/2006 

 

 

European Commission 
COMPETITIVE AND SUSTAINABLE   GROWTH 

(GROWTH) 
PROGRAMME 

 
Fast And Comfortable Trains 

FACT 
FINAL REPORT D11 

 

 

 

Reviewed by :   

Authors : All FACT MEMBERS 

Document.ID :  

Date : 31 July 2005 

Contract N° :  GRD2/2000/30321 

 



S:\ExtraWeb\WP3 - Web\WP3.8 Web updates\June 06\reports\EUROPEAN\FACT_Final_Report.doc 

 Page 2/73 26/07/2006 

 

 

Type of document : Final report  

Status : Draft  

Confidentiality: Restricted 

WP allocation: WPs 

Distribution: FACT Partners  

History :  

 

Distribution list Organisations 

Mr Th. Schlickmann EU DG TREN 

Mr E. Garcia TALGO  

Mr Ph. Clement SNCF 

Dr L. Nilsson VTI 

Mme B. Thorslund VTI 

Dr. B. Kufver VTI/Ferroplan 

Mr R. Persson Bombardier 

Prof. M. Griffin ISVR  

Mr B. Donohew ISVR 

Mr H. Gasemyr JBV 

Mr L. Kopsa CD  

Mr. M. Gerull DB Systemtechnik 

Mr D. Devecchi ALSTOM Ferroviaria  

Mr ELIA Alstom 
D. BOTTO Alstom 
Mr G. Lauriks UIC 

Mr L. Tordai UIC 

 

 



S:\ExtraWeb\WP3 - Web\WP3.8 Web updates\June 06\reports\EUROPEAN\FACT_Final_Report.doc 

 Page 3/73 26/07/2006 

 

TABLE of CONTENTS 

1 PREFACE 6 

1.1 Objective of the project 6 

2 SUMMARY 7 

2.1 Description of the problem 7 

2.2 Origin of the work 7 

2.3 Questions related to track layout - WP1 8 
2.3.1 Questions to solve .......................................................................................... 8 

2.3.2 Results ............................................................................................................ 8 

2.4 Questions related to onset of nausea   [WP2] 8 
2.4.1 Scheduling of the work .................................................................................. 8 

2.4.2 Laboratories tests............................................................................................ 8 

2.4.3 Line tests ........................................................................................................ 9 

2.4.4 Preparation of the data for analysis ................................................................ 9 

2.4.5 Analysis.......................................................................................................... 9 

2.4.6 Conclusions .................................................................................................... 9 

2.4.7 Validity of the conclusions........................................................................... 10 

2.5 Questions related to simulation (WP1 – WP3) 11 
2.5.1 History.......................................................................................................... 11 

2.5.2 Realisation.................................................................................................... 11 

2.5.3 Simplified model .......................................................................................... 11 

3 ORGANISATION OF THE COMMITTEE 12 

4 WP1 – INFRASTRUCTURE MODIFICATION 13 

4.1 Objectives 13 

4.2 Capacity considerations 13 

4.3 Track components 14 

4.4 Track geometry 14 
4.4.1 Circular curves ............................................................................................. 14 

4.4.2 Transition curves of the clothoid type.......................................................... 14 

4.4.3 Lengths of tangent tracks and circular curves between transition curves .... 16 



S:\ExtraWeb\WP3 - Web\WP3.8 Web updates\June 06\reports\EUROPEAN\FACT_Final_Report.doc 

 Page 4/73 26/07/2006 

 

4.4.4 S-shaped superelevation ramps and transition curves with S-shaped 
curvature function ............................................................................................................ 16 

4.4.5 Circular curves without transition curves..................................................... 16 

4.5 Economical design and asset management 17 

4.6 Publications from FACT WP1 17 

5 WP2 STUDY OF THE ONSET OF NAUSEA 18 

5.1 Description of the problem, including the state of the art. 18 
5.1.1 Introduction .................................................................................................. 18 

5.1.2 Start of the study .......................................................................................... 18 

5.1.3 Weighting functions ..................................................................................... 19 

5.1.4 Relation between laboratory studies and field test....................................... 20 

5.1.5 Possible influences of vibrations on nausea................................................. 20 

5.2 Laboratory investigations 24 
5.2.1 Knowledge before tests ................................................................................ 24 

5.2.2 Missing information, needed to conduct tests.............................................. 24 

5.2.3 Choice of tests to be conducted.................................................................... 26 

5.2.4 Critical shortage of knowledge .................................................................... 26 

5.3 Conclusions of the laboratory investigations Connection with line test evaluation 34 
5.3.1 Evaluation formulae ..................................................................................... 34 

5.3.2 Weighting function....................................................................................... 34 

5.3.3 Conclusions of the laboratory tests, important for the analysis of line tests.35 

5.3.4 Detailed proposal for the elaboration of the field tests. ............................... 35 

5.4 Description of the line tests in the Nordic area 36 
5.4.1 Method ......................................................................................................... 36 

5.4.2 5.4.2 Results ................................................................................................. 40 

5.4.3 Conclusions of the Nordic tests.................................................................... 43 

5.5 Description of the tests in the southern area 44 
5.5.1 Methods........................................................................................................ 44 

5.5.2 Results .......................................................................................................... 47 

5.6 Analysis of the SNCF results 53 
5.6.1 Methods........................................................................................................ 53 

5.6.2 results ........................................................... Error! Bookmark not defined. 



S:\ExtraWeb\WP3 - Web\WP3.8 Web updates\June 06\reports\EUROPEAN\FACT_Final_Report.doc 

 Page 5/73 26/07/2006 

 

5.7 Publications from FACT -WP2 60 
5.7.1 Reports from ISVR tests .............................................................................. 60 

5.7.2 Reports from line tests.................................................................................. 61 

6 WP3 – SIMULATION TOOLS FOR COMFORT AND NAUSEA 62 

6.1 Objectives 62 

6.2 Purpose and principles of the simulations 62 

6.3 Comfort index in the simulations 63 

6.4 Simplified calculations 63 

6.5 Publications from FACT WP3 65 

7 GENERAL CONCLUSIONS 66 

7.1 WP1 66 
7.1.1 Objective ...................................................................................................... 66 

7.1.2 realisation ..................................................................................................... 66 

7.2 WP2 66 
7.2.1 Objectives..................................................................................................... 66 

7.2.2 Realisation.................................................................................................... 66 

7.2.3 Conclusions from laboratories investigation................................................ 67 

7.2.4 Conclusions from the line tests .................................................................... 67 

7.2.5 Comment ...................................................................................................... 68 

7.3 WP3 68 
7.3.1 Objectives..................................................................................................... 68 

7.3.2 Realisation.................................................................................................... 68 

7.3.3 Conclusion.................................................................................................... 68 

7.4 Further investigation 69 
7.4.1 laboratory investigations .............................................................................. 69 

7.4.2 Line tests ...................................................................................................... 69 



S:\ExtraWeb\WP3 - Web\WP3.8 Web updates\June 06\reports\EUROPEAN\FACT_Final_Report.doc 

 Page 6/73 26/07/2006 

 

 
1 Preface 
From the start of this consortium Dr Johan Förstberg was the inspiring force of this study. 
Many references to his work are made in the diverse deliveries, as his opinion was a 
reference in many discussions. Regrettable he passed away in the beginning of the year, 
before he could finish his work. With him we not only lost a much respected animator of 
the study but also a friend, who was always prepared to listen as well as contribute his 
competence. For us, friends and colleagues of Johan’s, the feeling of loss is very obvious. 

This final report is the commented synthesis of the work of the consortium. 

The reader is invited to read the proper reports if he wishes to know the details of the 
investigations 

1.1 Objective of the project 

Provide the methodology for upgrading infrastructure to achieve the optimal performance 
for using tilting trains, with special attention to mixed traffic conditions.  

Identify the boundary conditions which limit the number of passengers experiencing nausea 
to a statistically acceptable level. 

Identify the conditions for which some passenger experiences nausea. To search for 
procedures, for using tilting train technology, which maximise performance whilst avoiding 
the onset of nausea. 

Produce a specialised verified simulation tool, for performing simulation without the need 
for a full scale experiments on the track.  

Identify economical design of track and/or coach for a given performance and a given 
comfort level. 

Reduce the time needed for introducing new rolling stock on new, renewed and existing 
lines. 

Maximise the performance of a tilting train for a given configuration of track and coach 
design. 
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2 Summary 

2.1 Description of the problem 

Tilting trains are a solution for reducing railway journey times. Especially suitable for 
existing highly curved routes where traffic flows do not justify investment in new lines or 
new lines and realignments are precluded by environmental/ecological considerations. 

The effectiveness of the investments may be jeopardised by comfort and nausea constraints. 
Comfort may be described as a measure of a passenger “feeling good” or passengers 
potential to write read and walk whilst nausea may be described as the onset of dizziness 
and vomiting, two important criteria for passenger acceptance. 

Currently each manufacturer tries to finds an acceptable compromise for the operation of 
his vehicles lacking basic knowledge of the causes of nausea. In many cases different data 
and methodologies are used in different countries for upgrading railway infrastructure for 
tilting trains. Financial and ecological constraints each year become more important. Often 
only minor changes in track geometry are acceptable. 

This proposal will produce criteria for nausea constraints and integrate it with available 
comfort criteria to provide a common solution applicable to all countries solving the 
problem at an international level. 

The proposed consortium is well informed and experienced with comfort and nausea issues 
in several transport modes. It will integrate new knowledge, from studies and experiments 
with existing knowledge to propose general evaluation methods (estimated journey time, 
estimated comfort, estimated risk on onset of nausea,) applicable to national and 
international operations. 

2.2 Origin of the work 

Under the guidance of the UIC, research groups did a number of investigations on ride 
comfort and later also on ride comfort in tilting trains. 

The latest study started in the early 2000. At the same moment the UIC group started on 
urgent demand of the members, the preparation for a campaign that would investigate the 
onset of nausea in tilting vehicles. 

The problems to overcome were so important that the cooperation with universities and 
industry was necessary. A consortium was built and negotiations with EU started in order 
to have the possibility to participate in the fifth frame program competive and sustainable 
growth. 

The EU gave the permission to start, but we had the obligation not only to investigate onset 
of nausea but also the relation between geometry of the track, limits in different countries, 
cross boarding and tilting trains had to be investigated.  
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2.3 Questions related to track layout - WP1  

2.3.1 Questions to solve 
These questions were solved early in the committee live. 

They refer to the fundamental problems as: 

Consequences of construction details 

Dynamic track vehicle interactions 

Simplified modelling for comfort (In common with WP3) 

Discussion of existing standards and proposal for improvement 

2.3.2 Results 
Two reports are published, giving rich synthetic information on the consequences of track 
layout and comparing European Standards and national limits 

2.4 Questions related to onset of nausea   [WP2] 

2.4.1 Scheduling of the work 
The work to be done is so complicated that it needs to be done in different successive 
phases. 

Phase 1: Exchange of knowledge, not every partner had the same knowledge on the 
problem. It was necessary to inform each other in such a way that everybody had 
enough and equal information to start the common study. 

Phase 2: Organise laboratory investigations, to complete the lacking information we need 
to prepare and analyse the line tests with success 

Phase 3: Organise and execute the line tests. 
Prepare the recorded data for analysis 

Phase 4: Analyse the line tests. 
Describe the results. 

Phase 5: Communicate the results of the analysis of the line tests and complete the track 
layout album taking into account the latest results. 

2.4.2 Laboratories tests 
The budget and the time at our disposal did not permit to investigate all the existing critical 
questions of the consortium. 

Only the very most critical problems were selected. 

The partners indicated three fields of investigation, for which they absolutely wanted to 
receive an answer before to start the organisation of the line tests. 

1. Determination of weighting curve points at 0.5 and 0.8 Hz 

Effect of roll-compensation with lateral oscillation at frequencies above 0.315 Hz 
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2. Verification of the exponential like behaviour in long duration tests 

On test with one single level for the stimulus did the experimental result suggest that the 
evolution of nausea is exponential like. Is this also true when the stimulus level  varies? 

3. Influence of the phase delay between combined stimulus 

Previous tests on SNCF lines suggest that phase delay could have an importance in the 
understanding of the onset of nausea is this the case? 

Results 

The laboratories tests are executed and gave useful results 

2.4.3 Line tests 
It was decided to organise the line tests in the Nordic and the Southern part of Europe 
meanly because of two reasons 

1. Test trains were available and did commercial services in the region. 

2. The manufacturers in these countries were prepared to co-operate in the tests. 

The original purpose to choose the testing countries on the basis of experimental results 
was not possible, also because the budget must be fixed before planning the tests 

The tests were planned in the spring of 2004, leaving enough time to analyse. 

Due to the internal problems the railway partner in southern Europe [Trenitalia] did not 
succeed to realise the tests in the agreed time window. He left the consortium in January 
2005. The task has been taken over by the industrial partner, who executed the tests 
following the previous agreed conditions, in March 2005, leaving only a very small time 
period for data analysis. 

2.4.4 Preparation of the data for analysis 
Data are prepared fore analysis as foreseen, in both regions. 

2.4.5 Analysis 
The data from Scandinavia were early at the disposal for analysing. 

The preparation of data and the analysis of data from the Slovenia experiments were done 
on time 

Both analyses are realised shortly before June 2005, and finalised at 25 July 2005.  

2.4.6 Conclusions 
• A method is found and applied that permits a regression analysis of the results test 

runs who investigate nausea 

• Key elements in the new method are: 

o Net dose evaluation of the parameters having influence on nausea 

o Excel solver like optimising of parameters like time constant; scale factor 
and regression constant (Or a binary method finding local extreme) 

• The time constant found for the net dose evaluation is close to 10 minutes 
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• Weighting improves the quality of the regression in a significant manner for vertical 
and lateral acceleration (Exception SNCF ?)  

• Prof. Dr Griffin’s vertical weighting function is suitable for this purpose. 

• Age differences in the test group are a serious disturbing factor 

• Also reuse of test persons is a serious disturbing factor 

• Vertical acceleration is oft but not always the best suited regression parameter in the 
test group, roll velocity is close to vertical acceleration. 

• Proper weighted vertical acceleration is the best common describing parameter 
among the various test conditions in the Nordic and southern line tests 

• The morning southern tests are a clear exception, for this test situation, no good 
describing factor is found. 

• Some elements in the Southern tests let suspect for and aft vibration as a explaining 
factor. 

• Unweighted for and aft vibration was better then the weighted vibration 
acceleration, this could signify that the weighting function was not proper. 

• Two methods permits to describe global nausea evaluation 

o Average nausea evaluation 

o Percentage of people signalling at least  Scale 1 on a scale from 0 to 7 

• From the second method we have observed that in some occasions up to 50% of the 
tests persons do feel something. 

• In many situations male seem to  less sensitive then women 

 

2.4.7 Validity of the conclusions 
The number of experiments seems quite high, but for general conclusions we still need 
more test data. 

The mayor problem is that the results of the line tests were much unexpected, and are not 
confirmed by experiments done in other research institutes. This means that more 
investigation is needed, and more remaining questions needed to be solved before we can 
propose the international community this result. 

The proposed evaluation method can be used, but need optimizing (make the method more 
resembling to multiple linear regression).  

The band filters used may need optimizing, at the low frequency  

Investigation of the influence of fore and aft vibration is useful. 

Age influence must be cleared 

Reusing op test persons must be cleared   
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2.5 Questions related to simulation (WP1 – WP3) 

2.5.1 History   
Simulation is a tool, if it works, that permits to avoid costly line tests before putting a 
hypothetical solution into practice. 

Before the begin of this consortium, it was taught that simulation should be able to detect 
the most important parameters describing nausea, by confrontation results of a survey on 
the appearance of nausea with diverges characteristics given by simulation results. 

EU did not accept this approach. Nevertheless the committee proposed to use simulation to 
search for the most appropriated test journey from the journey’s proposed by the partners. 

In a first tentative, the simulation was so efficient, that a manufacturer refused to publish 
the results, because too much technical details (not needed by the partners) of the vehicle 
were visible. Because we did not need such technical details to succeed the investigation, 
the partners chose to use “a neutral vehicle” to do the tests. 

This work has been done by AEA technology rail. However because of not on time 
providing of the agreed EU funds this partner wished to withdraw from the consortium. The 
results from his work may not be published before full payment of the work done. 

Further in the tests was planned to redo simulation, at the moment that the critical 
parameters as principal estimators for nausea would been known.  

Also it was foreseen to calibrate the simulation by comparison of the simulated signal with 
the recorded signal during the tests for 5 minutes. This to be sure that the systems works. 

2.5.2 Realisation 
The Vampire model was worked out, as foreseen and the data are in the possession of the 
FACT partners. In D7 5.2.2 the simulation results from 7 specified locations  are used to 
calibrate the simplified model. 

2.5.3 Simplified model 
The different railway operators use different software to simulate the train runs. The 
utilisation of this software is cumbersome and for this reason a simplified method would be 
welcome. The consortium proposed such a model and compared it with the results of the 
generally accepted results of the elaborated and complicated software. 

The effectiveness of this simplified method for the investigation of comfort and nausea is 
good. 
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3 Organisation of the committee 
 FACT activities are organised around five work packages: 

• WP1: To provide methodology for assessing infrastructure layout with respect 
to comfort and nausea criteria when using tilting train.  

• WP2: To develop a tool capable of estimating the position of both speed 
constraints 'comfort' and 'nausea' for a given coach and a given track.  
 
This work package is focusing on the study of nausea influences using 
simulation and line tests results. 

• WP3: To provide simulation tools, from simplified to complex, permitting to 
forecast the comfort and nausea from dynamic coach parameters and existing or 
planned track layout data. 

• WP4: Dissemination and exploitation.. Identify areas for implementing results 
and set up time schedule for applying the results delivered by the project. 

• WP5: Management. 

• A “task force” group has been formed (from the WP leaders and partners 
involved in tests), with as principle task to clear-cut what should be done. This 
group had several meetings. 
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4 WP1 – Infrastructure modification 

4.1 Objectives 

The main objective for WP1 was to:  

• Provide methodology for upgrading infrastructure to achieve the optimal 
performance for using tilting trains, with special attention to mixed traffic 
conditions. 

WP1 should also:  

• Identify economical design of track and/or coach for a given performance and a 
given comfort level.  

 

4.2 Capacity considerations 

On double track operations, enhanced speed for the fastest trains will reduce the line 
capacity. Enhanced speed for commuter trains may increase line capacity. If only limited 
parts of the double track have capacity problems, tilting trains may still run at enhanced 
speed on other parts. Certain scenarios have been discussed in the FACT project: 

 

Case D1.    No capacity problems. Both tilting and non-tilting trains can run according to 
their own optimal speed profile. For all types of trains, travel time is the 
nominal from running time simulations.  

Case D2.    Capacity problems. Tilting trains are prioritised. Slow non-tilting trains are 
stopped at passing loops, in order to avoid disturbances of the tilt service. For 
tilting trains, travel time is the nominal from running time simulations. For 
non-tilting trains, travel time is longer than the nominal.  

Case D3.    Capacity problems. Non-tilting trains are prioritised. Fast tilting trains are 
sometimes delayed behind slower trains on the same track. For tilting trains, 
travel time is longer than the nominal from running time simulations. For non-
tilting trains, travel time is the nominal.  

Case D4.    Severe capacity problems. Tilting trains run at the same average speed as the 
non-tilting trains on longer parts of the line. Tilting trains achieve the same 
running time as non-tilting trains. For non-tilting trains, travel time is the 
nominal.  

 

On single track operations, enhanced speed for the fastest trains will not reduce the line 
capacity. The number and positions of passing loops and the structure of the time table 
determine whether line capacity will be increased or remain the same. 

The exact consequences on line capacity when tilting trains are introduced must be studied 
in detailed time table simulations. 
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4.3 Track components 

Generally, tilting trains do not require special arrangements on the track superstructure, 
even though it is recommended to use high-quality components in a good maintenance 
condition. 

Procedures for approval of tilting trains running at enhanced permissible speeds are defined 
in UIC 518  and UIC 518-1. CEN standards are in progress. 

By adopting the UIC rules with respect to lateral and vertical forces, as well as the ratio 
between lateral and vertical forces, safety criteria regarding enhanced permissible speeds on 
curves will be fulfilled. 

The Czech Republic, Germany, Norway, Sweden and the United Kingdom have reported 
more restrictive limits for cant deficiency for stiff track sections (including turnouts, 
diamond crossings, non-ballasted track on bridges, level crossings etc.). The limits depend 
on the type of special track-work and on the speed of the train. Even though both tilting and 
non-tilting vehicles are affected by more restrictive limits, the relation between enhanced 
permissible speed (EPS) for tilting trains and permissible speed for conventional trains 
tends to be lower at these sections compared to plain line. 

 

4.4 Track geometry 

The tilt mechanism reduces the lateral acceleration perceived by the passengers. Therefore, 
tilting trains, if provided with a suitable running gear, may run at higher cant deficiencies 
than non-tilting trains. However, the nominal track geometry still defines a ceiling for 
permissible train speed, but at a higher level. 

A general overview of considerations for the track is given in the final report of WP1. 
Recent research on track/vehicle interaction, with a focus on the track geometry, is 
presented. It is shown (simulations and field tests) that tilting trains may run at high cant 
deficiencies also at speeds above 250 km/h. 

 

4.4.1 Circular curves 
On circular curves, the permissible speed for both tilting and non-tilting trains increases 
with cant. However, the specific advantage of tilting trains compared to non-tilting trains is 
potentially greater for curves with low cant, such as on freight lines or other lines where 
slow trains have been prioritised when choosing the cant. 

 

4.4.2 Transition curves of the clothoid type  
A very important aspect of the operation of tilting trains is the motions created when 
running into and out of curves. Long transition curves are essential for a comfort ride in a 
tilting train. With short transition curves, lateral jerk and/or roll velocity will be high. This 
occurs also if the vehicle starts the tilt motion before the beginning of the transition curve 
and/or ends the tilt velocity after the end of transition curve. Even though the roll velocity 
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would be reduced, lateral jerk would increase and there would be peaks of lateral 
acceleration where the transition curve starts and ends (see Figure 4.1). 
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Figure 4-1 Cant angles on a short transition curve, where the tilt motion is extended 
compared to the track geometry.  
The difference between the angle of the equilibrium cant and the cant and tilt 
angle is proportional to the perceived lateral acceleration in the vehicle 
body, and is also illustrated with a dashed line (the residual) for clarification. 

 

The most important track criterion to achieve a smooth ride on the transition curves is the 
limit for the rate of change of cant deficiency. A draft CEN standard on alignment 
parameters identifies that transition curves should have a sufficient length in order to enable 
passive or active tilt systems to adapt the angle of tilt to the actual train speed, curve radius 
and cant. Furthermore, delays in the tilt control system may create transient motions at the 
entry to transition curves, which may give rise to more pronounced lateral jerks. However, 
the draft standard does not propose any limit for rate of change of cant deficiency for tilting 
trains.  

In FACT WP1, it is shown that the draft CEN standard does not ensure that roll velocities 
and/or lateral jerks do not become very high. Therefore, it is recommended that CEN re-
consider their proposal of limits for tilting trains. A limit for rate of change of cant 
deficiency should be proposed, based on estimation of passenger comfort with respect to 
lateral acceleration, lateral jerk and roll velocity. 
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4.4.3 Lengths of tangent tracks and circular curves between transition 
curves 

Certain countries, as well as CEN, have conservative criteria for the minimum lengths of 
tangent track and circular curves between transition curves. Other countries have no such 
limits at all. 

Full dynamic simulations of dynamic vehicle reactions show that short circles and straights 
do not generate unfavourable wheel/rail forces or climbing ratios. There are no safety 
related concerns and there are no excessive wheel/rail forces leading to higher track 
deterioration. 

Short circular curves, between an entry transition and a run-off transition, lead to better 
comfort on the entry transition, since the perceived lateral acceleration on the circular curve 
will be slightly lower compared to a longer circle. 

Short tangent tracks between curves in the same direction generate high jerk and roll 
velocity on the subsequent entry transition, while short tangent tracks between curves in the 
opposite directions do not generate unfavourable vehicle reactions. 

Unnecessarily hard requirements for lengths of circular curves and tangent tracks, may lead 
to unnecessarily short transition curves. Hence, these limits (including those in the CEN 
standard ENV 13803-1:2002) may be counterproductive since they may encourage track 
engineers to design unnecessarily short transition curves.  

4.4.4 S-shaped superelevation ramps and transition curves with S-
shaped curvature function 

The purpose of these types of transition curves is to eliminate the vertical kinks in the rails 
where superelevation ramps start and end.  

Recent research in Sweden shows that there are no substantial advantages with these types 
of superelevation ramps and transition curves. In certain cases the vehicle response gets 
worse, due to the increased gradients for cant and cant deficiency in the middle of the 
transition curve. Results from the USA show certain advantages with S-shaped ramps. 

Japanese researchers propose that existing Japanese S-shaped ramps should be made more 
similar to linear ramps, and only be provided with a slight smoothening at the ends. Recent 
research in China proposes the traditional clothoids to be used on Chinese high-speed lines.  

The most important conclusion is that it cannot be proved that S-shaped superelevation 
ramps can be used as substitutes for linear ramps with sufficient lengths for high-speed 
traffic. 

4.4.5 Circular curves without transition curves 
In the track standards reported to FACT, and in a draft CEN standard, there are two 
different methods to define the permissible speed at instantaneous changes of curvature. 

Railway companies that apply a limit on the instantaneous change of cant deficiency will 
achieve the same permissible speed for all types of trains where the instantaneous change of 
curvature determines the permissible speed. No enhanced speed for tilting trains will be 
permitted. 
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Railway companies that use the concept of virtual transitions (assuming a transition curve 
with a length that represents the bogie distance within the vehicle) apply the same equations 
as for transitions curves. Over this short distance, there will be almost no space to arrange a 
superelevation ramp, and there will almost no time for a tilting vehicle to adjust the tilt 
angle.  

It should be noted that the virtual transition is a conservative criterion. The approach with a 
limit for instantaneous change of cant deficiency results in a higher permissible speed.  

Hence, it may be concluded that horizontal curves without transition curves eliminate the 
advantage with tilting trains.  

4.5 Economical design and asset management 

The most cost-effective opportunity to arrange long transition curves is when designing a 
new line or a major re-configuration. Existing railways are often provided with shorter 
transition curves than optimal. Hence, track renewals (when rails and sleepers are renewed) 
should be used to optimise the transition lengths, as a natural part of the infrastructure 
owner’s asset management. 

Tilt aspects may be taken into account also for lines where tilt service is not in the short-
term plans. For example, tilt aspects may also be taken into account when designing high-
speed lines, such as Cat III, IV and V, in CEN standard ENV 13803-1:2002, in order to 
enable even faster service with tilting trains in the future. Tracks with short transition 
curves reduce the interoperability of high-speed tilting trains. 

It has been noted that the Japanese railways are introducing tilting Shinkansen of series 
N700. These trains will run at V=270 km/h and V=300 km/h where the non-tilting series 
700 runs at V=250 km/h and V=285 km/h, respectively. We may see more very high-speed 
tilting trains as vehicle technology develops. 

4.6 Publications from FACT WP1 

A first introduction of FACT WP1 was presented at the Nordic Rail exhibition and 
seminars during October 2003. A 4-page paper “Fast and comfortable trains (FACT) - 
A presentation for Nordic Rail” has been published in VTI Konferens 20, 2003. 

The first official deliverable (D3) was sent to ERRI during August 2004. It consists of two 
separate reports: 

“Tracks for tilting trains” is a research report that covers an overview of the track aspects 
of tilting trains, an overview of previous research on alignment optimisation, extracts of 
track standards from various countries, and a first analysis of the track standards. 

“Tilting trains mixed with non-tilting trains - Consequences on capacity” constitutes a 
qualitative description and analysis of various traffic scenarios.  

The final official deliverable (D8) from July 2005 is an updated and extended version of 
“Tracks for tilting trains”.  

 

In D8 report indication is given how comfort can is influenced by national rules dealing 
with track layout. 
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5 WP2 Study of the onset of nausea 

5.1 Description of the problem, including the state of the art. 

5.1.1 Introduction 
It was thought that the best practice for evaluation of the onset of nausea could be obtained 
by a procedure comparable with the actual procedures for evaluation of vibratory comfort.  

This means following chain of actions  
1. Record the important parameters. 
2. Weight the measured data in the most effective way. 

Integrate them over a short time interval, in order to reduce the number of observations 
to an acceptable quantity. 

3. Combine the set of parameters for a given time interval into one single number. 
4. Find an Integration rule over time of that parameter to create a parameter parallel to 

the investigated phenomena.  
5. Use an experimentally scale in order to relate that resulting single number to an 

evaluation of the effect under study. 
 

On each of the previous steps were and are questions with unknown answers 
1. Which vibrations are important? 

a. Vertical acceleration 
b. Lateral acceleration 
c. Longitudinal acceleration 
d. Roll acceleration 
e. Yaw acceleration 
f. Combinations of  any acceleration before 

 
2. What is the appropriate weighting function for each of those accelerations 

This weighting function has to be elaborated in the laboratory. This is the 
reason that in the consortium experimental plan, laboratory investigations 
were foreseen. 

 

5.1.2 Start of the study 
5.1.2.1 Transferred information 
Most important information's from “transfer of knowledge” 

• ISVR did a number of laboratory studies 
Many on demand of SNCF 
Only made available after SNCF agreement 

• SNCF did a number of line experiments 
• VTI did a number of laboratory studies 
• VTI did a number of line studies 
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All those tests were commented and documented.  

5.1.2.2 Main conclusions on previous laboratory tests. 
• The frequency of interest is extremely  low 0.02 … 0.8  
• The time needed for one experiment is long (more then 30 minutes) 
• The number of people needed is high, because of the spread in  people’s opinion. 
• Not only is each vibration direction important but also their combination. That 

combination is more than probably not linear so that each combination needs to be 
investigated  

5.1.2.3 Main conclusions on important parameters 
• Lateral vibration on his own seems not to be a sufficient explication for onset on nausea 

in trains 
• Roll acceleration on his own is also not a sufficient explication 
• Combined action can explain, but makes the problem clearly non linear 

5.1.2.4 Main constraints 
• Laboratory research is only executed with male tests persons. There are a number of 

good reasons for this choice. 
Because of the evidence that the gender of railway passengers is mixed, it is not 
possible to adopt in the line tests the same attitude, our public should be mixed.  

• Because of the importance of combined vibration parameters, with a distinct non 
linear behavior, a high number of experimental results are needed for the elaboration 
of a weighting function. This non linear behavior was suggested from the existing 
knowledge, but is not clearly confirmed by the line tests. 

• The number of available data is actually not even sufficient to document the weighting 
functions for pure lateral and roll accelerations. 

• It was impossible to fill the plane of test results that were needed to completely cover 
the combined and non linear influences. 

5.1.2.5 Most important remaining questions 
• Too many data are unavailable for the elaboration of weighting functions. 
• Weighting function for 100% and 0%  was not experimented at 0.5 and 0.8 Hz and 

therefore it was uncertain that that weighting function was declining beyond 0.3 Hz. 
• Is the behavior of any parameters describing onset of nausea really exponential? 

Laboratory experiments with varying stimulus level can confirm this statement or not. 
• The phase delay between lateral acceleration and roll acceleration gives the impression 

to be important. Is this really the case? 
• In which proportion are female more sensitive then male? 

Are female influenced by identical parameters then male? 
 

5.1.3 Weighting functions 
The general approach for the investigation of vibrations on human beings consists of two 
successive phases. 
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From the consideration that a signal in time domain can be represented by equivalent 
sinusoidal signal, we generally accept that the influence of the vibration can be investigated 
by the separate study of the frequency influence with sinusoidal stimuli and the level 
influence. 

Hereby we accept the hypothesis that the level influence is linear and equal for all 
frequencies. Moreover we accept that the global influence is equal to the sum of each 
frequency line. 

The investigation of the influence of the frequency is mostly done in a laboratory, for 
railways, the second part is mostly done with the help of line tests, because of the difficulty 
to simulate the complex railway vibrations in a laboratory environment. 

5.1.4 Relation between laboratory studies and field test 
Influence of vibration level 
The easiest way to start a study is to suppose that all parts of a problem are linear. 

This is an acceptable approximation if the vibration level in reality is close to the vibration 
level in the laboratory. If this is not realised then laboratory investigation risks to have less 
representative power 

Sinusoidal vibration versus random vibrations 
Even if random vibrations of the real world can be thought to be composed of a sum of 
sinusoidal vibrations, it is not verified that results of individual sinusoidal vibrations can be 
“summed to” together (by the action of a weighting function)”. 

Sinusoidal representation and track layout 
The result of the laboratory test is a weighting function. When we apply that weighing 
function on a track, me must transform the track layout to the frequency domain. This is 
possible by transposing the studied parameter (lateral acceleration, vertical acceleration, 
roll acceleration) to the frequency domain, for a given speed of the train.  

5.1.5 Possible influences of vibrations on nausea 
In this chapter, the parameters that probably have an influence on nausea are described in 
the time domain and the frequency domain, to give the reader an idea how these 
phenomena look like. 

5.1.5.1 Parameters having influence 
From the start of the members of the committee were of the opinion that following 
parameters should be studied: 

o Lateral acceleration felt by the passenger 

o Roll speed (because of the difficulties to measure roll acceleration 

o Compensation level (the amount by which the lateral acceleration felt by the passengers 
was reduced relative to the NCA Non Compensated Acceleration) 

Comments 

At the start of the consortium, vertical acceleration was not considered as a potential 
important parameter. 
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After analysis of the field tests, vertical acceleration could not been excluded from 
investigation. 

The influence of for and aft vibrations is not considered for study by the consortium 

5.1.5.2 Circumstances having influence 
o Gender of the passenger 

o Age of the test person 

o To which degree a passenger has got travel experience immediate before the tests 

o Even distribution of food and drinks can have an influence as suggested by Figure 
5-1 that expresses average nausea voting as function of time, with some remarkable 
events noted.  

 

Figure 5-1  Development of nausea on the Swedish test run 
The figure represents the evolution of the average nausea, together with the 
time of mayor events 

Comments 

It would be ideal to have tests with 

o Sufficient number of people 

o Having in one test same age 

o With equal mixed gender 

o Having not taking part in former test runs 

o Having few travel experience (No reusing of test persons) 
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It is clear that this in with budget and time constrains was not possible. We have used the 
maximum number of test persons available for tests that could fit in the test trains. 

Exciding this number supposes more time and budget. 

5.1.5.3 Lateral accelerations 
This paragraph tries to explain what happens in a journey when passing curve transients 
and full curves, especially for the not specialised reader. 

Lateral accelerations, alone do not seem to have a big importance. 

Lateral acceleration is constant in the plain curve and growing or descending in the curve 
transient. 

5.1.5.4 Longitudinal accelerations 
The longitudinal acceleration is so small in normal train journeys that it is kept out of 
consideration. {In at least one journey during the test runs in Slovenia, the influence of fore 
and aft vibrations – non weighted – is demonstrated see D6b} 

5.1.5.5 Vertical accelerations 
Vertical acceleration was at the start of the consortium not considered as a cause of nausea 
factor in railway transport. However, after the evaluation of the line tests in seems that at 
least vertical acceleration must be considered as one of the possible factors provoking 
nausea 

5.1.5.6 Roll accelerations 
Roll acceleration has a role in the evaluation of comfort for a ride in a tilting coach. 
However Roll accelerations are not easy to measure. 

Roll accelerations are not considered by the consortium. 

5.1.5.7 Yaw 
It was decided to record the yaw as a possible nausea initiator. 

However this parameter is not used in the investigation 

5.1.5.8 Combination of vibration directions 
Initial evidence from laboratory results leads to the hypothesis that combined vibrations can 
have less influence then some of them separately. 

5.1.5.9 Delays 

During a journey, a time delay caused by the tilting system, results in a too low or a too 
high tilting angle in the transient curve and at the end sections of the circular curve. 

The effect of such a delay is identical with the effect of not sitting in the optimal place in 
the coach. 

We have investigated the influence of a time delay in a laboratory study, using sinusoidal 
stimuli. 
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5.1.5.10 Other effects 
It could be that eating and or drinking during a journey influence the nausea level during a 
ride. 

5.1.5.11 Roll velocity 
In general experts consider roll velocity as a factor having important influence. 
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5.2 Laboratory investigations 

5.2.1 Knowledge before tests 
In Europe, laboratory investigations were done in Scandinavia (VTI) and Engeland (ISVR)  

None of these investigations were final conclusive. 

In the Scandinavia region and in France were line tests organised, but there was no 
common nausea descriptor correlated with the human evaluation in trains. 

The general opinion of the experts was that nausea originates by the simultaneous influence 
of lateral acceleration and roll motion. 

Roll speed is the most used as parameter for roll motion 

ISVR proposed a dose value “with leakage” as most important parameter for the evaluation 
of nausea. The leakage method was funded on the observation that after tests in the 
laboratory, the tests persons indicate lower nausea rates as function of time. 

 

ISVR did not investigated in the same way the nausea evolving after tests. 

Also no common agreement existed on the method to be used to introduce laboratory 
results into the line test evaluation. 

5.2.2 Missing information, needed to conduct tests 
5.2.2.1 Influence of gender 
Both laboratories used only male test persons for the laboratory tests. 

The most important reason for this choice is the much higher variation of the female results, 
provoking much more participants on a single test if equal quality is required. 

It was then decided to study the influence of gender during the line tests. 

5.2.2.2 Influence of age (travel experience) 

Travel experience is thought to be an important factor in the appearance of nausea.  

Nausea phenomena could decrease with increasing experience.  Therefore we strongly 
recommend not reusing people in line tests. 

This exigency is mostly respected but it could not be avoided in some case to reuse people 
because line tests ask for more then 100 persons a day and such a high number of 
volunteers could not always been found.  

5.2.2.3 Intrinsic variation of the group average estimation 
It should be nice to know the variance of a group estimation of nausea,  

5.2.2.4 Meaning of statistical tests 
In general, a statistical test always gives the possibility that a given hypothesis is true. 
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5.2.2.5 Descriptive parameters of the tests 
From previous studies, it was observed that the average response of a group of people 
had a lot of common with an exponential behavior. The figure below is an example of 
this statement. The red interpolated curve is an exponential function with a time constant 
of 23 minutes and a limit of  5.1 nausea  units. 

 

 
Figure 5-2 Interpolation of exponential function in laboratory investigation results 

This interpolation suggests that an exponential function is a good 
candidate for the description of nausea evolutions during a journey. 

 

Note: 

The time constant varies a lot from one laboratory experiment to another, a further in this 
report we will demonstrate that this is also the case by line experiment in real 
circumstances. 

 

It is for each test series possible to calculate a limit value and a time constant.  

 

This permits to characterize a laboratory experiment with two values, an upper limit and 
a time constant. 

Having, a number of those experimental results, it should be possible to calculate a most 
common time constant, and then the upper limit becomes a single value. 

With this latter value it should be possible to construct weighting curves. 
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5.2.2.6 Combination of vibrations 
There was some evidence in the experimental data that combination of stimulus could give 
a lower nausea quote then the sum of each of the quotes. If confirmed, this observation will 
make an analysis especially complicated 

5.2.3 Choice of tests to be conducted 
5.2.3.1 Non critical difficulties proper to this kind of tests 
 Learning curve 

Experts think that the result of the tests depends on the experience of the test person. 

For this reason always “fresh” test persons participate at the tests. As a consequence a huge 
number of people are needed for participation. 

 Number of needed test persons 

 The intrinsic variation of average group parameters is unknown.  This means that we 
can not advise a reasonable number of test persons in each group. 

 Results depending on the exposure time 

As can been seen from previous example a test time of 30 minutes does not stabilize the 
results. However using the exponential method it is possible to estimate the parameters, 
before stabilization is reached. This technique is until now not used. 

5.2.4 Critical shortage of knowledge 
The partners indicted three fields of investigation, where investigation results are estimated 
as absolutely needed before line test can be planned. 

5.2.4.1 Determination of weighting curve points at 0.5 and 0.8 Hz 

5.2.4.1.1 Aim 
This study aims to extend knowledge of response to combined lateral and roll motion at 
high frequencies rather than extend knowledge at low frequencies. The experiment reported 
here investigates 0.5 Hz and 0.8 Hz lateral oscillation with and without 100% roll-
compensation. 

The study extends the frequency weightings with lateral and roll oscillation by 2/3 octave 
intervals to frequencies where more roll motion exists in tilting trains compared to 
conventional trains. The hypothesis is that with constant lateral acceleration the effect of 
roll compensation on motion sickness increases with increasing frequency, even though the 
effect on motion sickness of pure lateral oscillation decreases with increasing frequency. 

5.2.4.1.2 Experimental conditions of the study 
• Effect of roll-compensation with lateral oscillation at frequencies above 0.315 Hz 
• Peak jerk at 1.959 ms-3 
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Freq. Acceleration Compensation 
Hz m/sec2 % 
0.5 Hz 0.44m/sec2  0%  
0.5 Hz  100%  
0.8 Hz 0.28m/sec2  0%  
0.8 Hz  100% compensation 

Table 5-1Experimental conditions first series of laboratory tests 

 
• Subjects matched to previous study 
• 20 male subjects per condition 
• Identical method to previous studies 

5.2.4.1.3 Global results of the studies 

 
Figure 5-3 Proportion of test people reaching mild nausea for different environment 

conditions 

5.2.4.1.4 Conclusions 
Motion sickness decreased with increasing frequency of oscillation at frequencies greater 
than 0.315 Hz.  

At frequencies greater than 0.315 Hz, 100% roll compensation of lateral oscillation causes 
more motion sickness than occurs with pure lateral oscillation. 
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From this result we concluded that the vertical weighting filter Wf (ISO 2631-,1 1997) 
could be used for the evaluation for vertical and lateral acceleration in nausea studies. 

 

5.2.4.2 Verification of the exponential like behaviour in long duration tests 

5.2.4.2.1 Introduction 
Frequency weightings have been used to predict how motion sickness varies as a 
function of the frequency of oscillation. However motion sickness may also change as a 
function of the duration of a journey. 

Two models, the motion sickness dose value and the net dose model, have been 
considered as methods of predicting changes in motion sickness with changing exposure 
to motion.  

These are fundamentally different models that attempt to predict different responses. The 
motion sickness dose value seeks to provide an estimate of the cumulative effect of a 
motion exposure whereas the net dose model seeks to estimate the motion sickness at 
any point in time. Therefore, while the motion sickness dose value never reduces, the net 
dose model rises and falls. 

This investigation assesses the two models with respect to data from reports of motion 
sickness obtained during ISVR Laboratory Experiment 2 with 1-hour motion exposures 
of varying motion magnitude. 

From previous studies, it was observed that the average response of a group of people 
had a lot of common with an exponential behavior.  (See figure ) 

It is for each test series possible to calculate a limit value and a time constant. However it 
was not evident that this exponential like behavior was also present as the level of the 
stimulus changed to higher or lower values. 

5.2.4.2.2 Aim 
• Investigate change in sickness with variations in exposure level during combined 

lateral and roll  motions 
• Verify the hypotheses made in relation with de description of function of the test 

peoples answer as function of the time. 

5.2.4.2.3 Conditions 
• 20 male subjects exposed to 4 conditions 
• Subjects seated on a TGV first class seat with a high backrest 

5.2.4.2.4 Motions 
5-min pre-exposure – 60-min oscillation – 15-min recovery 

60-minute motion varied between high (H = ±1.26 ms-2; ±3.66°) and low (L = ±0.63 ms-2; 
±1.83°) magnitudes: De indicated accelerations are lateral accelerations. 
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(i) LLLL 

(ii) HHHH 

(iii) LHHL 

(iv) HLHL 

Table 5-2  Succession of exposure levels in experiment 2 

5.2.4.2.5 Results 
Assess two models of exposure magnitude and duration 

• Motion sickness dose value (MSDVz) 
Predicts cumulative response to motion exposure 
figure 5-15 summarises the results of the investigation. 

• Net dose model 
Estimates the motion sickness at any point in time 
figure 5-16 summarises the results of the investigation. 
 

MSDVz 

 
Figure 5-4 Motion sickness dose value for the different laboratory exposures 

Remark that the LHKL and HLHL end at the same level, and are 
intermediate between two extreme conditions 
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Net dose model  

 
Figure 5-5 Net dose value for the different laboratory exposures 

This results is in agreement with an exponential description of the net dose 
value  

Moreover the exponential like behaviour of the process is conform to this results 

5.2.4.2.6 Conclusions  
The net dose and MSDVz models predicted consistent and appropriate trends within the 
data from a laboratory investigation investigating the effects of magnitude and duration on 
motion sickness.  

• During motion illness greater with high magnitude than low magnitude 
• Sickness decreased during low magnitude motions and after motion ceased 
• Illness increased with increasing exposure duration 
• Moreover the exponential like behaviour of the process is conform to the observed 

behaviour. 
 

5.2.4.3 Influence of the phase delay between combined stimulus 
• Influence of phase delay between two sinusoidal stimuli. 
• Effect of relative phase of lateral and roll oscillation 
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5.2.4.3.1 Description problem 
Low frequency motions cause motion sickness. An Earth-lateral acceleration, a, involves a 
horizontal translational movement through the y-axis of the body; roll oscillation through 
an angle, θ, involves rotational movement around the x-axis of the body. Both motions 
cause the body to be exposed to lateral forces: a and g.Sin(θ). Lateral oscillation can be 
combined with roll oscillation so that the forces caused by the lateral oscillation can be 
balanced by the forces caused by the roll oscillation. A person exposed to these combined 
motions can be made to feel no resultant force (i.e. there is 100% compensation of the 
forces caused by the lateral oscillation). If the roll oscillation is of an inappropriate 
magnitude, the compensation will be other than 100% and the person will experience lateral 
forces.  

Lateral forces will be experienced with roll compensation of the magnitude and frequency 
needed for 100% compensation if there is a phase difference between the roll oscillation 
and the lateral oscillation.  
 

5.2.4.3.2 Conditions 
Motions were produced by a simulator capable of producing 12 metres of horizontal oscillation and 
10° of roll oscillation. An HVLab data acquisition computer system (version 3.81) was used to 
control the motion and monitor the simulator accelerations.  

Subjects were exposed to 0.2 Hz sinusoidal lateral oscillation combined with roll oscillation in four 
sessions. Each 50-minute session consisted of a period of 30 minutes of motion with one of four 
alternative phases between the lateral and roll oscillation.  

The magnitude of the 0.2 Hz lateral oscillation was 0.89 ms-2 R.M.S... (i.e. a peak velocity of ±1.0 
ms-1 and a roll displacement ±7.32 degrees). The roll motion was controlled so that it was in one of 
four different phases relative to the lateral oscillation: (i) 0 degrees (equivalent to 100% 
compensation), (ii) 14.5 degrees delay (75% compensation) (iii) 29 degrees delay (50% 
compensation); (iv) 29 degrees advance (50% compensation).  

The beginning and end of each motion was tapered over a period of 2½ cycles so there was a 
smooth transition when starting and stopping the motion.  

Subjects were seated in a closed cabin on a seat with a high backrest. They adopted relaxed upright 
postures with their hands on their laps and feet separated flat on the floor. They looked straight 
ahead at a fractal image positioned in front of them at eye level on the internal wall of the cabin at a 
distance of 0.7 metres. Headphones, producing white noise at 85 dB (A), measured using a Knowles 
Electronics Mannequin for Acoustics Research (KEMAR), were worn by all subjects to mask the 
noise of the simulator. The experimenter communicated with subjects via a microphone which 
interrupted the white noise input to the headphones.  

5.2.4.3.3 Subjects 
Twenty fit and healthy, males aged between 18 and 26 years took part in the experiment. They were 
selected from the staff and student population of the University of Southampton. All subjects were 
exposed to all four conditions.  
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Figure 5-6  Mean illness ratings reported by the 20 subjects at each minute during the 

four conditions (with exposure to motion between 5 and 30 minutes 

5.2.4.3.4 Discussion  
The experiment investigated whether the phase of roll compensation influences motion sickness. The 
results show that sickness caused by combined lateral and roll oscillation depended on the phase 
between the two components of the motion.  

Overall, there was greatest motion sickness with no delay. Motion sickness was least with 29 degrees 
phase advance, a little greater with 29 degrees phase delay and somewhat more with 14.5 degrees 
delay.  

The condition with the greatest motion sickness was the condition with greatest 
compensation (100% with zero phase delay). As the delay increased, the percentage 
compensation reduced and the motion sickness reduced. The trend is somewhat similar to 
the effect of varying the percentage compensation by altering the magnitude of the roll 
motion, where there was greater sickness with 100% compensation than with 50% compensation 
(Donohew, 2003).  

The difference between condition (iii) (29 degrees delay) and condition (iv) (29 degrees advance) is 
interesting. Both conditions corresponded to the same percentage compensation, yet there was 
significantly less sickness in condition (iv) with phase advance. Further work is required to 
investigate the cause of this change.  

5.2.4.3.5 Conclusions  
When lateral oscillation and roll oscillation of the same magnitude are combined, the consequent 
motion sickness depends on the phase between the two motions. With oscillation at 0.2 Hz, motion 
sickness was greatest when there was no phase delay between the two motions so that the roll 
oscillation full compensated for the lateral oscillation (i.e. 0 degrees delay giving 100% 
compensation). Increasing the delay between the lateral oscillation, to 14.5 degrees (75% 
compensation) and to 29 degrees (50% compensation) decreased the sickness. Less motion sickness 
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occurred when the roll motion led the lateral oscillation by 29 degrees (phase advance) than when the 
roll oscillation followed the lateral oscillation by 29 degree (phase delay).  

5.2.4.3.6 COMMENTS 
The application of the findings of this investigation for the analysis of line tests is not 
evident. The movements in the real world are not periodic, nor are the investigated events 
random events. 

Especially the interpretation of the phase delay is difficult. Some partners are of the opinion 
that the time delay of the system at the entry of the transient curve is the equivalent of the 
phase delay in the laboratory. 

As is demonstrated in this final report, the time delay at the curve entry has specific results, 
which are not simulated in the laboratory experiment. 
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5.3 Conclusions of the laboratory investigations 
Connection with line test evaluation 

5.3.1 Evaluation formulae 
Motion sickness dose value (MSDVz) 

( )∫ ⋅⋅=
τ

0

2 dttakMSDVz  

Equation 5-1 

 

The formula estimates the maximum quote given by the test group, since the beginning of 
the experiment. This is by definition a never descending value. 

The method equals the method for vertical vibration. 

 

Net dose (ND) 
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Equation 5-2 

The net dose value introduces leaking in the estimator. 

For a stimulus of a constant value, this formula simplifies significantly and can be used as 
an iteration formula 
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Equation 5-3 

This iteration formula permits a rather easy integration of line test measured acceleration 
levels.  

To apply this approximation, it is necessary to divide the recorded time history is time 
blocks of preferable equal length. In each of the time blocs the root mean square energy is 
calculated and considered as a constant stimulus for nausea. 

Moreover, the net dose “DN (t->∞)” for a constant signal the level “Y” is set to A*Y. 

This parameter A has to be found by minimizing square error. 

5.3.2 Weighting function 
An optimal weighting function eliminates from the recorded signal all no relevant 
information.  
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Weighting functions are typically established in a laboratory where tests person’s judges a 
stimulus of sinusoidal form on equal effect. The equivalency between the sinusoidal 
laboratory stimulus and the random stimulus in the real circumstances is generally 
accepted, and in a number of occasions tested. 

For nausea, this procedure is less evident, because each experiment takes at least 30 
minutes and even then the situation seems not always stabilized. 

Because interactions between vibration directions are likely, a hush number of experiments 
need to be done if all possibilities need to be explored. 

Moreover, the spread of the results between test persons is high, resulting in the need of a 
high number of test persons if the associated confidence zone of the test results must be 
acceptable. 

The acknowledgement of all these considerations results in very expensive and time 
consuming laboratory experiments.  

 

After investigation of the 0.5 Hz and 0.8 Hz  stimulus and taken all published laboratory 
results into consideration,  the consortium decides that the weighting function used for the 
vertical vibration is actually the best choice for the evaluation of nausea in line tests. 

 

5.3.3 Conclusions of the laboratory tests, important for the analysis of 
line tests. 

1. As weighting function, the function for vertical weighting, proposed by prof. dr. 
GRIFFIN is chosen as best method for all directions 

2. The global treatment of the human reaction on the stimulus as an exponential 
function is allowed. 

3. The consortium remarks that the time delay between the moment of transient curve 
entry and the start of the reaction of the tilt mechanism can be considered as a time 
delay in de sense as experimented in the laboratory 

5.3.4 Detailed proposal for the elaboration of the field tests. 
This method is described in appendix 3 

The essential part of the method is translated to an excel sheet, were the power of the 
“solver method” is used in order to find optimal coefficients.  

Even in this “simplified form” the method permits in principle to optimise: 

• the time constant τ 

• A constant value of the regression, taking into account that even without vibration some 
people sense nausea. 

• A combination of maximum two parameters type Ai. The maximum of two imposed 
because the natural spread of the data make the determination of more parameters has 
no added value.  
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5.4 Description of the line tests in the Nordic area  

A more detailed description of the Nordic field tests is presented in the consortium report 
D6a (Förstberg et al., 2005). In this final report, only the most important parts from D6a are 
introduced.  

5.4.1 Method 
5.4.1.1 Train description 
The test train, an NSB class BM73, Signatur (long-distance version), was leased from NSB 
in Norway. The electrical multiple unit has a first class car (BM), a second class car with 
bistro in the middle (BFR), a second class saloon car (BMU) and a second class family car 
(BFM). Maximum speed is 210 km/h and the highest NCA allowed is 1,8 m/s2.  

The train configuration is shown in Figure 5-7 below.  
 

 

Figure 5-7 Overview of test train. 

One level of tilt compensation was used in car 1 and 2 and another one in the other two 
cars, according to the test plan. 

 

5.4.1.2 Track description 
Three different test lines were chosen with different characteristics, two in Norway and one 
in Sweden representing three track conditions, see Table 5-3.  

Table 5-3 Description of test lines 
Test Line Lengt

h 
[km] 

Typical 
travel time 
(one way) 

Typical 
speed 

[km/h] 

Remarks 

Kristiansand – Vegarshei 
(on South-West Main 
Line towards Oslo) 

104  60 – 65 min 80– 120 Extremely curved due to short (60 – 70 m) 
track elements with typical curve radii of 
300 m.  

Hamar – Vinstra 
(on Dovre Main Line 
Oslo – Trondheim) 

140  100 -110 min 70– 130 Typical Norwegian track with a mixture of 
different radii: Intermediate stops because of 
passing trains. 

Linkoping – Jarna 
(on South Main Line 
Stockholm - Malmo) 

180  70 -80 min 180– 200 Most of the line has minimum curve radii of 
1000 – 1250 m, long transition curves but 
few straight parts. 

 

 BFR BM BMU BFM 

 Car 4  Car 3 Car 2 Car 1 
 
South North 
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On the Kristiansand route, two test runs per day on three days were performed, altogether 
making six runs using all test conditions twice. On the Hamar route, only two tests were run 
with NCA 1.8 m/s2 (conditions 1 and 2). In Sweden one run per day on three days utilised 
all six test conditions.  

Duration of travel (one way) was limited to about one hour on the Kristiansand route and 
somewhat longer on the other lines. At the turning station, the test passengers were free to 
leave the train and stretch their legs during the 15 – 20 min stop.  

 

5.4.1.3 Test program 
The tests were carried out in June 2004 according to Table 5-4. 

Table 5-4 Test plan for the Nordic Test June 2004. 
Compensation 

[%] 
Carbody acc. 

[m/s2] 

Day 

Star
t 

Tim
e Track Location 

Track 
plane 

acc. [m/s2] 

BM 
/BF
R 

BMU/BF
M 

BM 
/BFR 

BMU/BF
M 

15 
June 

08:5
3 Hamar - Vinstra  1.8 57 44 0.8 1.0 

16 
June 

09:1
5 Linköping - Järna  1.4 79 28 0.3 1.0 

17 
June 

09:1
8 Linköping - Järna  1.8 44 57 1.0 0.8 

18 
June 

09:0
5 Linköping - Järna  1.0 

10
0 0 0.0 1.0 

21 
June 

08:4
5 

Kristiansand - 
Vegarshei  1.8 57 44 0.8 1.0 

21 
June 

12:4
5 

Kristiansand - 
Vegarshei 1.4 79 28 0.3 1.0 

22 
June 

08:4
5 

Kristiansand - 
Vegarshei 1.0 

10
0 0 0.0 1.0 

22 
June 

12:4
5 

Kristiansand - 
Vegarshei 1.8 44 57 1.0 0.8 

23 
June 

08:4
5 

Kristiansand - 
Vegarshei 1.4 28 79 1.0 0.3 

23 
June  

12:4
5 

Kristiansand - 
Vegarshei 1.0 0 100 1.0 0.0 

24 
June 

08:5
3 Hamar - Vinstra  1.8 44 57 1.0 0.8 

 

5.4.1.4 Test passengers 
Test passengers were mostly recruited from nearby universities and schools in Linkoping, 
Kristiansand and Hamar. Also athletic and Christian societies were used for recruitment in 
Norway. The Swedish group was most homogenous in age. The passengers applied via a 
web-site at VTI by stating gender, age, sensitivity to motion sickness, etc. In the train, they 
were informed about the test ride and signed a consent form. There was a small 
remuneration for participating.  
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The number of passengers were planned to be 60 - 65 on the Linkoping runs, 50 – 60 on the 
Kristiansand runs, and 50 – 60 on the Hamar runs. Due to some difficulties to recruit this 
large number, some passengers took part more than once. 

The passengers were divided mainly into four groups, since each car in the train is different. 
Therefore, the group sitting in the middle part of car 3 is compared with the group in the 
middle part of car 1 and analogous the ends of car 3 (over bogies) are compared with the 
corresponding places in car 2. Each group was matched with about equal part female and of 
each sensitivity level.  

Data over test passengers taking part in the test runs are shown in Table 5-5 below. The 
Swedish runs are numbered S1, S2 etc and the Norwegian N1, N2 etc.  

 Table 5-5 Passengers in the Swedish test runs. 
Test 
run 

Num. of 
subjects 

Females 
prop. 

Age  
Mean (std) 

Sensitivityi 
Mean (std) 

Not rested 

S1 59 32 % 22.5 (4.3) 2.2 (1.0) 15 % 

S2 60 20 % 26.5 (11.0) 2.2 (2.1) 6.7 % 

S3 56 39 % 25.4 (6.6) 2.6 (1.4) 29 % 

N1 70 31% 28,6 (17,2) 2,0 (1,1) 23.0% 

N2 49 39% 34,9 (20,1) 2,4 (1,5) 14.3% 

N3 53 36% 28,6 (14,3) 2,5 (1,5) 10.4% 

N4 54 45% 33,6 (17,6) 2,4 (1,2) 25.9% 

N5 51 45% 31,1 (17,5) 2,5 (1,3) 8.9% 

N6 58 40% 31,6 (16,0) 2,6 (1,4) 22.8% 

N7 59 30% 26,9 (12,4) 2,2 (1,1) 22.9% 

N8 120 27% 24,3 (11,1) 2,2 (1,1) 43.9% 

Remark: Passengers estimated their sensitivity on a scale from 1 (no sensitivity) to 7 (very strong sensitivity) 

 

5.4.1.5 Measures 

Car motions 
The motion environment was monitored through measurement of lateral, vertical and 
longitudinal acceleration as well as roll velocity in all cars, while yaw velocities were 
measured only in the two middle cars, see Table 5-6  
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Table 5-6 Measurement setup. 

b1 m b2 tc b1 m b2 tc b1 m b2 tc b1 m b2 tc
Lateral acceleration x x x x x x x x x
Vertical acceleration x x x x x x x x

Longitudinal acceleration x x x x
Roll velocity (a) x x x x
Yaw velocity (a) x x

Tilt angle x x
Train speed x x

Track plane acceleration x
Number of signals: 7 9 11 5

(a) VTI transducers
b1 Bogie 1 or for accelerometers in carbody above bogie 1
m Car body middle
b2 In car body above bogie 2
tc Tilt computer

Car 1 Car 2 Car 3 Car 4

 
All accelerometers used have a frequency response starting from 0 Hz. Sampling frequency 
was 400 Hz and signals were low-pass filtered at 100 Hz. The track plane accelerometer 
was mechanically suspended to avoid over range problems. Tilt angles and train speed were 
taken from the train computers.  

 

Questionnaires 
The questionnaires consisted of three parts, where the first covered background 
information, travelling frequency, motion sickness background and a subjective estimation 
about susceptibility to motion sickness. The second part covered questions about ride 
comfort, nausea and motion sickness symptoms, which the passengers answered every 5 
min on the Kristiansand runs and every 10 min on the other runs. Both ride comfort and 
nausea were estimated on a 7 graded scale. For motion sickness symptoms, two different 
question schemes were used, one in Sweden and the other in Norway, see Appendix 1. The 
third part covered overall questions about the comfort (suggestions to improve comfort), 
comparison to a normal ride, discomfort due to tilt motions etc.  

 

5.4.1.6 Analysis  
A MATLAB program was used for data processing. First the signals were filtered with a 
low pass filter of 1 Hz and then decimated to 10 Hz. Comfort evaluation of lateral and 
vertical motion was made and both Wz and ISO values were calculated for each run. Before 
performing the motion sickness evaluation where the MD values were generated a new 
filter limit was set to 3 Hz. Weighting filters of Butterworth type with limits according to 
Table 5-7 were used.  

Table 5-7  Weighting filters  
Motion parameter Low filter limit [Hz] High filter limit [Hz] 

Lateral acceleration 0.01 0.8 

Vertical acceleration 0.08 0.63 

Roll velocity 0.02 0.63 
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5.4.2 5.4.2 Results 
5.4.2.1 Nausea 
The tests were analysed following the best methods at disposal. Three models were tested 
with two different measures of nausea. 

 

Models 
To test the hypothesis for nausea development among the passengers the following three 
models were evaluated, where e.g. vertical acceleration means the calculated net dose from 
vertical acceleration:  

H1 = K11·vertical acceleration + K12· roll velocity 

H2 = K21·lateral acceleration + K22· roll velocity + K23· lateral acceleration· roll velocity 

H3 = K31·lateral acceleration2 + K32· roll velocity2 

 

Nausea measures 

• Mean nausea among all passengers 

• Percentage of passengers feeling any symptoms at all. 

 

After regression between model values and the two different choices of measures, mean 
nausea in the train and minimum obtained nausea rate, the correlation coefficients for all 
three models are higher when using the percentage of passengers feeling any symptoms of 
motion sickness as the measure, see Table 5-8 

 

Table 5-8  Model coefficients and correlation coefficients when using two different 
measures of nausea.  

Coefficients Model 1 Model 2 Model 3 

 K11 K12 K21 K22 K23 K31 K32 

Mean nausea 0.272 -0.009 0.062 0.008 -0.070 0.036 0.001 

Any symptom. 14.395 -0.465 3.733 0.389 -3.965 2.332 0.054 

Correlation R1 R2 R3 

Mean nausea 0.4244 0.2503 0.1569 

Any symptoms 0.4507 0.2963 0.2101 
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Example of fit 

 

Figure 5-8 Example of fit, different models with symptoms (red line) 

 

5.4.2.2 Comparison between countries 
As can be seen in Table 5-9 the third coefficient in model number two for the Swedish runs 
differs a lot from the ones for all runs and the Norwegian runs, as do both coefficients in 
model number three. The correlation coefficients for the Swedish runs are higher for all 
three models and when looking at the tests separately model number two gives the best 
correlation for both countries.  

 

Table 5-9 Model coefficients and correlation coefficients when comparing Swedish and 
Norwegian runs. 

 K11 K12 K21 K22 K23 K31 K32 

All 14.40 -0.465 3.733 0.389 -3.965 2.332 0.054 

Norway 10.69 -0.240 2.762 0.303 -2.282 2.116 0.047 

Sweden 14.57 -0.352 1.216 0.331 11.90 8.497 0.172 
 R1 R2 R3 

All 0.4507 0.2963 0.2101 

Norway 0.3787 0.4103 0.3969 

Sweden 0.4383 0.5257 0.4058 
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Spontaneous observations suggest that people feel more motion sickness in Sweden than in 
Norway. One reason for this could be that Norwegians might be more used to travelling in 
tilting trains and therefore have a higher threshold before they feel motion sickness. 
Another explanation could be that the mean age of the passengers in Norway was higher 
and many of them participated in several tests. In Sweden most passengers were students 
and the group was more homogenous. Neither of the participant groups are representative 
for the whole population, but the original intention was to use a homogenous group of 
passengers in both countries, which was hard to accomplish, especially in Norway. Also, 
the parameters are not independent, so if one of the coefficients changes the others do too, 
which might be one reason for the big differences between the tests in Sweden and Norway.  

 

5.4.2.3 Gender differences 
To investigate the influence of sensitivity differences between genders, the measured 
parameters in the regression analysis was first mean nausea among all passengers and then 
additionally mean nausea on male and female passengers separately. This gave varying 
coefficients for each selection of measured parameter, see .Table 5-10  

 

Table 5-10  Model coefficients from regression with three models and male and female 
passengers separately. 

 Model 1 Model 2 Model 3 

 K11 K12 K21 K22 K23 K31 K32 

All 0.272 -0.009 0.062 0.008 -0.070 0.036 0.001 

Male 0.155 -0.004 0.005 0.003 0.026 0.024 0.001 

Female 0.421 -0.016 0.147 0.012 -0.202 0.061 0.001 

 

The separate coefficients verify the big gender differences which are most apparent for the 
lateral acceleration in model number two were the K value is much larger for female than 
male passengers. A regression with model values shows highest correlation for model 
number one and the mean nausea level among all passengers, see Table 5-11, where R1-R3 
are the correlation coefficients for models 1-3.  

 

Table 5-11  Correlation coefficients from regression with three models, 
 male and female passengers separately. 

 R1 R2 R3 

All 0.4244 0.2503 0.1569 

Male 0.3161 0.2316 0.2218 

Female 0.2722 0.2944 0.0065 
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5.4.3 Conclusions of the Nordic tests 
Two measures are possible when describing the onset of nausea in tilting vehicles, of which 
the second is slightly better:  

• Average nausea rating 

• Percentage of passengers feeling any symptoms of nausea 
In some parts of the tests more than 50% of the passengers reported at least a slight sign of 
nausea.  

 

On shorter homogenous journeys each of the three proposed models has comparable 
correlation factors. 

 

Gender differences have an obvious influence on the coefficients as expected, but still 
looking at the whole group of passengers gives a higher correlation compared with doing 
the regression for the two genders separately. 

 

According to the reported study, the best measure of motion sickness seems to be the 
percentage of people feeling any symptoms, and the best predictor appears to be the vertical 
acceleration. Roughly speaking all three models proposed are generally similar, since they 
do illustrate the influence of time, but do not explain differing results like those between the 
Swedish and Norwegian tests. Neither are really high values of motion sickness explained 
by any of the models. Thus, there seems to be important model parameter(s) missing which 
could help predicting the motion sickness more properly 
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5.5 Description of the tests in the southern area 

5.5.1 Methods 
5.5.1.1 The Train description 
The test trains the ETR 470-0 Pendolino provided by ALSTOM Ferroviaria S.p.A. 

The train is made up of three vehicles: 

• BAC2, aerodynamic motor vehicle; 

• BB, middle motor vehicle; 

• RAC2, aerodynamic trailing vehicle 

The main characteristics of the train are listed in annexe n.1 

5.5.1.2 Track description 
The segments Ljubljana – Celje of the Ljubljana – Maribor main line are listed below: 

Description of test lines 

Test Line Len
gth 

[km] 

Typical 
travel 
time 

(one 
way) 

Typical 
mean 
speed 

[km/h] 

Remarks 

Ljubljana P. - Zidani  

Most 
58 .0 35 min 100 

Zidani Most-Celje 

 
26.0 17 min 95 

Radius mean value of the 

significantly curves is around 

640 m. There are more than 100 

curves with 260 m ≤R≤ 500 m.  

Table 5-12 Description of the test track 

Each segment has been travelled in both ways, on double track line 

The Ljubljana – Celje line (stretch of the Ljubljana – Maribor) is about 84 km long, with 

about 51 km of curves (plain curves and transition curves) which is the 61 % of the total 

path. Total transition curves length is about 40% of curved path length. 
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5.5.1.3 Choice of test passengers 
Further analysis showed that the youngest subjects tended to be tested during the afternoons 
and the youngest subjects reported significantly more nausea. The age difference reflects a 
difference in the sampling populations, where subjects tested in the morning tended to be 
university students and subjects tested in the afternoon tended to be from local schools. 
 
Many subjects tested during the mornings were exposed to more than one journey. It is likely 
that this resulted in habituation within some subjects and thus the observed effect of 
decreasing average nausea ratings with increasing number of test days. 
5.5.1.4 Questionnaires 
Questionnaires are the same at used in Nordic tests 

5.5.1.5 Measured parameters 

5.5.1.5.1 Measured signals 

Measuring parameters required by FACT 

Y&&  
Lateral acceleration, in two points of each coach (RAC and BAC); 

Locations: points A and C, above bogies. 

Z&&  
Vertical acceleration, in two point of each coach (RAC and BAC); 

Locations: points C1 and C2, near the left and right wall. 

X&&  
Longitudinal acceleration, in one point of each coach (RAC and BAC); 

Location: point B, in the car body middle point. 

θ&  
Roll velocity (gyroscope) in one point of each coach (RAC and BAC); 

Location: point B, in the car body middle point. 

θ&&  Roll acceleration in each coach (derived from roll velocity) 

ψ&&  Yaw acceleration in one point of the coach (derived from yaw velocity) 

tY&&  Lateral acceleration on the track (NCA) 

X&  Speed of the train (measured) 

X Position of the train (measured) 

φ  Tilt angle of the coach (kinax) 

Table 5-13 Catalogue of measured signals 
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5.5.1.5.2 Vote registration 
The questionnaires are the same as used in Nordic Tests, and were delivered by Consortium 
to Trenitalia. They consist of three parts, where the first covers background information, 
travelling frequency, motion sickness background and a subjective estimation about 
susceptibility to motion sickness. First part is filled on first day, in a preliminary session. 
The second part covers questions about ride comfort, nausea and motion sickness 
symptoms 

5.5.1.6 Tests conditions 

5.5.1.6.1 Test runs 
 

  Target and measured parameters. 
 

Ru
n 

Date AM/P
M 

 

Target 
NCA 

Target 
compens

ation

Duration Distance Speed 
max

Speed 
mean

   m/s² % s Km m/s m/s 
1 01/04/2005 am 1.80 80 13593 228 126 60 
2 01/04/2005 pm 1.80 80 12628 228 122 65 
3 02/04/2005 am 1.80 60 12957 227 125 63 
4 02/04/2005 pm 1.80 60 12238 227 121 67 
5 04/04/2005 am 1.80 100 13309 227 126 61 
6 04/04/2005 pm 1.80 100 12950 227 121 63 
7 05/04/2005 am 1.80 40 13446 227 127 61 
8 05/04/2005 pm 1.80 40 12513 225 131 65 
9 06/04/2005 am 1.80 80 12819 230 126 63 
10 06/04/2005 pm 1.80 60 12759 227 121 64 
11 07/04/2005 am 1.00 0 14506 225 131 56 
12 07/04/2005 pm 1.00 0 13849 227 130 59 

Table 5-14  Comparison between planned and realised test conditions  
12 test conditions are defined 

5.5.1.6.2 Test subjects 
Test persons mostly were recruited from nearby universities and schools, in order to 
establish a homogeneous sample population in terms of age (18 to 28 years old persons). In 
the train, the participants were informed about the test ride. Participants are remunerated, 
and ensured through the ticketing standard contract.  
Test persons were located in the two end coaches (BAC2 and RAC2) with approximately 25 
test persons for each coach. The middle coach has been reserved for measuring equipment. 
Testers were performed the tests respectively either in mornings or in afternoons. Test 
subjects in morning journey came from university; subjects in afternoon journey came from 
school. Usually subjects in morning journey were “reused” and underwent repeated 
exposures (e.g. the same subjects in all the morning journeys) 
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5.5.1.7 Analysis method 
See appendix 3 

5.5.2 Results 
5.5.2.1 Gender analysis 
There was no significant effect of gender, but further analysis may be required to investigate 
the distribution of females and males throughout the various conditions. 
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5.5.2.2 RMS running root mean square 

 

Figure 5-9  Selected 10-minute running root-mean-square motion magnitudes for each 
journey  
Thin solid line = roll! Velocity; Dashed line = lateral acceleration; Thick solid 
line = vertical acceleration 
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5.5.2.3 Example of motion sickness 
 

 

Figure 5-10  Mean nausea ratings as a function of time for each journey 
Dashed line = AM journeys;  
Solid lines = PM journeys. 



S:\ExtraWeb\WP3 - Web\WP3.8 Web updates\June 06\reports\EUROPEAN\FACT_Final_Report.doc 

 Page 50/73 26/07/2006 

 

 

5.5.2.4 Nausea analysis 
- 
Data 
group 

Model stimuli ka kc τ RMS 
Error 

Correlati
on 

All az 1.53 0.03 385 0.209 0.28 
All ay 0.47 0.18 300 0.229 -0.15 
All rv 0.21 0.06 385 0.204 0.32 
All ay + rv – ay x rv 0.36 0.09 385 0.204 0.33 
All az(Wfz) 9.06 0.05 384 0.201 0.38 
All ay(Wfz) 1.66 0.19 300 0.222 -0.04 
All rv(Wfz) 0.36 0.09 385 0.204 0.33 
All ay + rv – ay x rv(Wfz) 0.38 0.09 580 0.203 0.34 
All ay (Wfz) -1.03 0.44 110 0.208 0.27 
am az 0.76 0.03 600 0.107 0.29 
am Ay 0.28 0.09 778 0.119 -0.11 
am Rv 0.10 0.04 486 0.105 0.35 
am ay + rv – ay x rv 0.10 0.04 473 0.107 0.29 
am az (Wfz) 4.56 0.05 600 0.103 0.40 
am ay (Wfz) 0.89 0.07 437 0.114 0.00 
am rv (Wfz) 0.16 0.05 397 0.104 0.37 
am ay + rv – ay x rv(Wfz) 0.15 0.05 382 0.104 0.36 
am A Wfz) 0.36 0.08 586 0.119 -0.10 
pm Az 1.99 0.07 146 0.211 0.57 
pm Ay -2.01 0.86 41 0.200 0.45 
pm Rv 0.30 0.04 191 0.196 0.49 
pm ay + rv – ay x rv 0.30 0.04 132 0.205 0.42 
pm az (Wfz) 12.56 0.02 158 0.181 0.64 
pm ay (Wfz) -4.50 0.71 41 0.219 0.21 
pm rv (Wfz) 0.50 0.07 191 0.194 0.51 
pm ay + rv – ay x rv(Wfz) 0.46 0.07 132 0.195 0.49 
pm ay (Wfy) -1.94 0.73 41  0.200 0.45 

Table 5-15 
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5.5.2.5 Example of regression 

 

Figure 5-11 Wf frequency-weighted vertical acceleration model predictions of nausea 

.  Model optimised to fit separately the morning and afternoon journeys. 
Lines represent the predicted and reported mean nausea ratings. Solid black 
line: reported mean nausea ratings; and dashed black line: predicted mean 
nausea ratings 
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5.5.2.6 Conclusion of the Southern tests 
 
The exponential-dependent exposure duration model seems to be suited for the analysis of 
nausea in real circumstances. 
   
The analysis suggests that weighted motion data can give significant improvement in 
correlation. 
 
The analysis suggests that at least not weighted fore-and-aft acceleration influences nausea 
 
Age has a significant influence on results. The further study of age on nausea evaluation 
needs more investigation 
 
Reusing people also was an important disturbing factor. Reusing people must be avoided as 
much as possible in future experiments. 
 
Across the various test conditions, the measured motion magnitudes changed in a 
Systematic and predictable manner. 
 
• There were no systematic changes in motion sickness between the different journeys. 
 
• There were systematic changes in motion sickness when considering various subjects and 
environment variables. 
 
• With the limited range of compensation conditions studied here, and when using an 
exponentially-dependent exposure duration model, the frequency-weighted vertical 
acceleration provided the closest association with the mean nausea ratings reported by 
subjects, although it is not suggested that this motion was the principal cause of the nausea 
reported by subjects. 
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5.6 Analysis of the SNCF results 

5.6.1 Methods 
5.6.1.1 Train description 
This report describes the evaluation of the vibration and motion sickness measurements 
obtained on board an experimental tilting TGV (supplied by Alstom Ferroviaria) during tests 
on the Paris to Toulouse line in France. Data from two sets of field trials were available; the 
first occurred during November 1998 and the second during March/April 2000. 
Detailed train description is not available. 

5.6.1.2 Track description 
The track used is the commercial track between Paris and Toulouse 

5.6.1.3 Choice of passengers 
No information is available on the passengers. 

5.6.1.4 Questionnaires 
Two different questionnaires are used for the evaluation of the tests. 

 
Rating  Corresponding feelings 
0  No symptoms 
1  Any symptoms, however slight 
2  Mild symptoms, e.g. stomach awareness but not nausea 
3  Mild nausea 
4  Mild to moderate nausea 
5  Moderate nausea but can continue 
6  Moderate nausea and want to stop 

Table 5-16  rating scale used for year 1998 field trial studies 

 

 
Rating  Corresponding feelings 
0  Nothing in particular 
1  Slight symptoms 
2  Moderate symptoms 
3  Mild nausea 
4  Moderate nausea (and more …) 

Table 5-17  rating scale used for year 2000 field trial studies 

 

Both questionnaires are very similar taking in account that 5 and 6 ratings are very seldom 
noted. 

5.6.1.5 Measured parameters (of direct interest) 
Both trials measured nearly identical parameters. 
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o Lateral acceleration measured over the bogies (labeled extremity 1, or ‘ext 1’, and 
extremity 2, or ‘ext 2’) and at the centre of the passenger coach, R8 (ATMR8) (ms-2) 

o Vertical acceleration measured over the bogies (labeled extremity 1, or ‘ext 1’, and 
extremity 2, or ‘ext 2’) and at the centre of the passenger coach, R8 (AVMR8) (ms-2) 

o  Lateral acceleration measured on the bogie frame (ms-2) (only in 2000 Trial) 
o  Roll velocity measured in the centre of the passenger coach, R8 (°/s) 
o  Location on track (Pk) measured as a distance from Paris (km) 
o  Train velocity (km/h) 

 

5.6.1.6 Analysis method 
See appendix 3 

5.6.2 Results 
5.6.2.1 Gender analysis 
No gender analysis was possible. 
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5.6.2.2 RMS running root mean square motion magnitudes 

 

Figure 5-12 Selected 5-minute running root-mean-square motion magnitudes for each 
1998 field test journey.  

Solid line = roll velocity;  

Dotted line = lateral acceleration;  

Dashed line = vertical acceleration.  
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5.6.2.3 Example of motion sickness 

 

Figure 5-13   Mean of the average illness ratings reported by subjects during each 1998 
field trial journey. 
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Figure 5-14 Mean illness ratings as a function of time for each 1998 field trial journey. 

Crosses = AM journeys  

Triangles = PM journeys  

 

5.6.2.4 Nausea 
 
Optimized model parameters, errors and correlations for various motion stimuli and groups of 
conditions tested during the 1998 field trials. 
 

group 
Data  

Model stimuli Kf kc ô  RMS 
Error  

Correlation 

All  Az  3.86  0.37  1418.3  0.2612 0.40 
All  az (Wfz)  16.13  0.39  1912.8  0.2568 0.44 
All  rv  0.21  0.39  1650.1  0.2666  0.35 
All  rv (Wfz)  0.34  0.42  2694.5  0.2712  0.31 
All  Ay  -0.22  0.46  327110  0.2813  0.16 
All  ay (Wfz)  4.35  0.41  3006.1  0.2724  0.29 
All  ay (Wfy)  0.47  0.46  18638.9  0.2812  0.16 
All  -4.55·ay – 1.79·rv – 

6.23·ay·rv 
 1.00  0.40  19576.0  0.2417  0.53 

All  -1.71·ay - 0.68·rv + 
11.00·ay·rv (Wfz)  

1.00  0.38  5416.4  0.2338  0.57 
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Data 

group 
Model stimuli ka kc τ RMS Error 

Correlation 
All  Az  1.80 0.31 826.6 0.1697 0.38 
All  az (Wfz)  8.61  0.31 881.0 0.1631  0.46 
All  Rv  0.23 0.31 860.1  0.1610  0.48 
All  rv (Wfz)  0.23 0.31 860.8 0.1902  0.41 
All  Ay  0.31 0.33 10299.0 0.1777  0.24 
All  ay (Wfz)  2.59 0.32 1375.3 0.1762  0.32 
All  ay (Wfy)  0.36 0.33 12309.0 0.1780  0.23 
All  -0.07·ay - 0.17·rv + 0.16·ay·rv  1.00 0.30 643.4 0.1589  0.50 
All  -0.25·ay - 0.28·rv + 1.24·ay·rv (Wfz)  1.00 0.31 842.6  0.1577  0.52 

Table 5-18 Result of different models. 
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5.6.2.5 Example of regression 

 

Figure 5-15  Wfz frequency-weighted interaction model predictions of mean illness 
ratings for the 1998 field trial. 
 Solid line: predicted mean illness ratings.  
Crosses: reported illness ratings 

. 
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5.6.2.6 Discussion 
When comparing the mean average illness ratings and total root-mean-square motion 
magnitudes for each field trial and journey, only correlations with the un-weighted and 
weighted vertical accelerations and roll velocities were found. With the 1998 field trial, the 
highest correlation was obtained with the total Wfz-frequency-weighted vertical 
acceleration; with the 2000 field trial the total un-weighted root-mean-square roll velocity 
correlated best with the average illness ratings. An exponential model was used to predict 
changes in motion sickness as a function of time from various un-weighted and weighted 
running root-mean-square motion magnitudes. 

 

When the model was optimised across all journeys and when considering models based on 
single variables, the roll velocity and the Wfz frequency-weighted coach-vertical 
acceleration respectively correlated best with the 1998 and 200 field trial data. However, 
‘interaction models based on the coach-lateral acceleration and roll velocity produced the 
best correlations between the predicted and measured mean illness ratings. It is not clear 
whether frequency weighting the lateral acceleration and roll velocity improves the 
‘interaction models’ or not. 

 

Further laboratory research and modelling are required to better understand the causes of 
motion sickness. Due to the inherent difficulties associated with controlling field studies, 
they will not be sufficient to unravel the interactions between the factors causing motion 
sickness in tilting trains without the support of systematic laboratory experiments. 

 
5.6.2.7 Conclusions 
As a function of duration and magnitude, the net dose model was used to predict changes in 
the mean illness ratings reported during journeys undertaken by SNCF during two field 
tests occurring in 1998 and 2000. Correlation analysis suggests that with the appropriate 
stimuli the net dose model can be used to predict changes in motion sickness. 

 

A net dose model based on the subject-referenced lateral acceleration, the roll velocity and 
an interaction between the two variables provided the best fit to the mean nausea ratings. 
Models based on the Wfz frequency-weighted vertical acceleration and the roll velocity 
gave the best ‘single variable’ predictions of motion sickness; although it is not suggested 
that these motions were the principal cause of the nausea reported by subjects. 

5.7 Publications from FACT -WP2 

5.7.1 Reports from ISVR tests 
FINAL Report to FACT on ISVR motion sickness frequency study  
 August 2004 

 Report on laboratory experiment 1 conducted by ISVR 
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 Effect of the frequency of combined lateral and roll oscillation on motion 
sickness 

 Document.id : 23/07/04 Southampton 

 23 July 2004 

 

FINAL Report to FACT on ISVR motion sickness magnitude and duration modelling 
 August 2004 

 Report on modelling the results of ISVR laboratory experiment 2  

 Modelling the effect of magnitude and duration of motion on motion sickness 

 23 July 2004 

 

FINAL Report to FACT on ISVR motion sickness phase study 
 Report on laboratory experiment 3 conducted by ISVR 

 Effects of the phase of roll compensation on motion sickness with0.2 Hz 
lateral oscillation 

 15th July 2005 
 

5.7.2 Reports from line tests 
 

Deliverable D6a  
 Nordic field tests with tilting trains 

 08 July- 05 

 

Deliverable D6b 
 Report on analysis of Slovenia train field tests regarding motion sickness 

 Part I: test train, test line, journey conditions, subjects and Measurement 
procedures 

 Part II: analysis of motions and motion sickness 

 

Deliverable D6b 
 Report on analysis of SNCF train field tests regarding motion sickness 

 5th August 2005 
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6 WP3 – Simulation tools for comfort and nausea 

6.1 Objectives 

The objective for WP3 was to:  

• Produce a specialised verified simulation tool, for performing simulation without 
the need for a full scale experiments on the track.  

Such a tool would support other objectives of the FACT project such as:  

• Identify economical design of track and/or coach for a given performance and a 
given comfort level,  

• Reduce the time needed for introducing new rolling stock on new, renewed and 
existing lines 

• Maximise the performance of a tilting train for a given configuration of track and 
coach design.  

 

6.2 Purpose and principles of the simulations 

The perceived comfort, as well as the risk for motion sickness, in a tilting train depends to a 
large extent on the motions perceived in the vehicle body. The motions are generated by the 
nominal track geometry (horizontal and vertical alignments and cant), the track 
irregularities, vehicle characteristics (such as masses and suspensions etc) and the tilt 
system.  

The vehicle motions may be quantified in full-scale tests and/or simulations. The purpose 
of simulations is to analyse discomfort and nausea for new track layouts, new vehicle 
characteristics, modified tilt strategies and/or modified speed profiles. 

Simulations are quick and cheap compared to full-scale tests, and enable a lot of testing of 
the track/vehicle interaction in order to quantify the consequences on discomfort and 
nausea. 

The simulations of vehicle motions require input as follows: 

I1. Track geometry 

I2. Description of the vehicle 

I3. Description of the tilt algorithm 

I4. Speed profile 

 

Where low-frequency motions are in focus, the description of the track and vehicle 
(including the tilt algorithm) can be simplified, while high-frequency motions require 
detailed descriptions and more advanced simulation tools. 
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In order to quantify the risks for (or level of) discomfort and nausea, it is necessary to have 
mathematical functions that transform the motion data to a comfort index or a nausea index. 
(In this process, the motion data may be low-pass or band-passed filtered.) 

With such indices, discomfort and nausea can be calculated (for a certain set of inputs I1-
I4) as functions of time.  

 

6.3 Comfort index in the simulations 

For a tilting train, running at an enhanced speed, the following nominal motion quantities 
will have higher magnitudes compared to a non-tilting train: 

On circular curves in the horizontal alignment: 

Roll angle 

Yaw velocity 

Pitch velocity 

Vertical acceleration 

On transition curves in the horizontal alignment 

Roll velocity 

Yaw acceleration 

Pitch acceleration 

On vertical curves: 

Vertical acceleration 

Pitch velocity 

 

Lateral acceleration and lateral jerk may be higher or lower, depending on the tilt 
compensation ratio. 

Among these motion data, lateral acceleration, lateral jerk and roll velocity are most 
commonly used in comfort index. Roll motions are also believed to be correlated with 
nausea. Therefore CEN comfort index, UIC comfort index and roll velocity has been 
quantified in full dynamic simulations using GENSYS and VAMPIRE. 

During the end of the FACT project, vertical acceleration has also been found as a 
potentially important contributor to the risk for motion sickness. 

 

6.4 Simplified calculations 

An advanced dynamic model for simulation of the vehicle dynamics (such as GENSYS, 
VAMPIRE or similar) gives the best prediction of the motions of a tilting train. A dynamic 
model may take both the nominal track geometry and the track irregularities into 
consideration. However, such a model requires a lot of detailed descriptions of the masses, 
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geometries and properties of the suspension system and tilt system. These data may be 
unavailable to certain users. 

Therefore, a more user-friendly “simplified model” has been presented. The simplified 
model is aimed at giving planners and engineers a tool for quick and easy analysis of 
alignment, cant, tilts compensation ratios and enhanced permissible speed. The analysis 
neglects influence of track irregularities and vehicle dynamics. However it takes nominal 
track geometry, train speed, quasi-static sway of the vehicle body (due to primary and 
secondary suspension) and quasi-static characteristic of the tilt system into account.  

The simplified model has validated against data from the full dynamic models. The data 
come from a VTI project for the introduction of tilting trains in Norway and from the AEA 
Technology simulations within the FACT project.  

The output from the simplified model shows similar patterns as the output from VAMPIRE, 
even though there are certain minor discrepancies in the absolute magnitudes. When the 
simulation tools are used to compare motions for a given train on different curves or 
compare motions of different trains on a given curve, the differences from the simplified 
model will be fairly similar to the differences from VAMPIRE. 

The conclusion is that the simplified model, if calibrated with respect to roll characteristics 
of the vehicle, is very useful for extensive analysis of the track/vehicle system.  

 

Simplified model vs VAMPIRE
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Figure 6-1 Maximum roll velocity of the vehicle body of three vehicles (non-tilt 150 km/h, 
tilting vehicle with 54% net compensation at 180 km/h, and tilting vehicle with 
70% net compensation at 180 km/h) according to VAMPIRE and according to 
the simplified model. Track data from eight horizontal curves in Sweden. 
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Simplified model vs VAMPIRE
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Figure 6-2 PCT for standing passengers in three vehicles (non-tilt 150 km/h, tilting vehicle 
with 54% net compensation at 180 km/h, and tilting vehicle with 70% net 
compensation at 180 km/h) according to VAMPIRE and according to the 
simplified model. Track data from eight horizontal curves in Sweden. 

 

Both full dynamic simulations and simplified modelling have been used in FACT WP1. 

 

6.5 Publications from FACT WP3 

Deliverable D4 exists in the form of simulation results from VAMPIRE, produced by AEA 
Technology. The full dynamic simulations are made for an APT-type of tilting train. 
Simulations are made with track data from different countries, at full enhanced speed of a 
tilting train with different tilt compensation ratios as well as at normal speed of a non-tilting 
train and with the tilt switched off. The simulations are presented in EXCEL-files 

The simplified model for comfort and nausea evaluation is presented and validated in 
deliverable D7: “Simulation tools for comfort and nausea” (dated July 2005). 
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7 General conclusions 

7.1 WP1 

7.1.1 Objective 
Provide the methodology for upgrading infrastructure to achieve the optimal performance 
for using tilting trains, with special attention to mixed traffic conditions.  

7.1.2 Realisation 
Good design practice is to arrange long transition curves, at least when this can be done with 
no or very low marginal costs. The most cost-effective opportunity is when designing a new 
line or a major re-configuration. Tilt aspects may be taken into account also for lines where 
tilt service is not in the short-term plans. They may also be taken into account when designing 
high-speed lines, such as Cat III, IV and V in CEN (2002b), in order to enable even faster 
service with tilting trains in the future. It should be noted that the Japanese railways are 
introducing tilting Shinkansen of series N700 (IRJ 2005). These trains will run at V=270 km/h 
and V=300 km/h where the non-tilting series 700 runs at V=250 km/h and V=285 km/h, 
respectively. We may see more very high-speed tilting trains as vehicle technology develops. 

7.2 WP2 

7.2.1 Objectives 
Identify the boundary conditions which limit the number of passengers experiencing nausea 
to a statistically acceptable level. 

Identify the conditions for which some passenger experiences nausea. To search for 
procedures, for using tilting train technology, which maximise performance whilst avoiding 
the onset of nausea. 

Produce a specialised verified simulation tool, for performing simulation without the need 
for a full scale experiments on the track.  

Identify economical design of track and/or coach for a given performance and a given 
comfort level. 

7.2.2 Realisation 
The solution of the problem is very complex and has to be done in successive phases. In 
spite of the intensive research all over the world many problems remain at the start of the 
consortium. The consortium has made significant progress in the knowledge related to the 
problem but could not find a final solution. 

In order to achieve the best possible results, the problem was studied in phases 

1. Studies in the laboratories 
defining of the weighing function. 

2. Define a method to apply the laboratories results into the elaboration of line tests 

3. Execute and analyse line tests. 
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7.2.3 Conclusions from laboratories investigation 
• The general evolution of the nausea rating in a laboratory test resembles closely to an 

exponential function. 

• A weighting function as Wf seems suitable to weight the vertical accelerations recorded 
in a line test. 
For the lateral acceleration the Wd weighting function seems more appropriated. 

• The net dose value seems a suitable parameter for the evaluation for the nausea 
estimation in line tests 

• By a sinusoidal vibration, the phase between combined motions does have an important 
influence. 

7.2.4 Conclusions from the line tests 
• The study revealed that gender, age and travel experience has more influence then 

expected beforehand.  

• Two parameters are possible to describe the onset of nausea in tilting vehicles. 

o Average nausea rating 

o Percentage of people reporting any sign (however slight) of nausea. 
The second parameter is slightly better. 

• The analysis suggests that weighted motion data can (but not always) give significant 
improvement in correlation. 

•  The efficiency of Wf for the vertical acceleration is confirmed. 
For the lateral acceleration was the Wd better suited. 

• The net dose method, completed by a regression method permits to optimise the 
coefficients in the regression. 

• The method permits to estimate an optimal time constant. However this optimum 
changes from experiment to experiment, and needs more study. The Scandinavian tests 
were elaborated with a common time constant of 600 seconds, previous estimated as 
optimum. 
In the Southern Europe tests, an important variation in time constants is observed. This 
variation could originate in the excel solver method and may ask for more investigation. 

• In some parts of the test more then 50% of the tests persons reported at least a slight 
sign of nausea. 

• Male and female seem to have different sensitivity, but a common evaluation model 
seems possible. The mal-female differences are not intensively investigated. 

• Roll velocity times lateral acceleration, roll velocity, vertical acceleration are possible 
successful parameters for describing nausea. However more research is necessary 
before the can be proposed to standards 

• One analysis suggests that at least unweighted fore-and-aft acceleration influences 
nausea 
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7.2.5 Comment 
The line results were unexpected and partly in conflict whit actual opinions. 

The effectiveness of the weighted vertical acceleration was a surprise, also the absent 
absence of the compensation factor was not predicted by the laboratory results. 

The necessity to apply frequency weighting, to improve the results, complicates the use of a 
simplified method for predicting nausea.  More then a supplementary treatment, this 
weighting function, adds in an indirect way the length of the circular curve with his 
associated coach lateral acceleration, to the phenomena having influence on nausea. 

Although we can indicate an analysis method, and a simplified prediction method on the 
basis of the experiments done, we don’t propose such a method, because of the original 
approach of the study and the number of unexpected results who need confirmation by 
other experiments, before application in a methodology. 

7.3 WP3 

7.3.1 Objectives 
Reduce the time needed for introducing new rolling stock on new, renewed and existing 
lines. 

Maximise the performance of a tilting train for a given configuration of track and coach 
design. 

7.3.2 Realisation 
7.3.3 Conclusion 
Two methods are in principle possible 

o A full simulation method like VAMPIRE or GENSYS and similar. 
These programs are capable of a complete study in the time domain. A lot of effort 
is necessary to let them work.  Their possibilities are far better then needed. 

o A simplified method 
This method gives acceptable results 
D7 describers the different simulation possibilities and following paragraph may be 
considered as the conclusion: 
 
The simplified method is aimed at giving planners and engineers a tool for quick 
and easy analysis of alignment, cant, tilt compensation ratios and enhanced 
permissible speed. The analysis neglects influence of track irregularities and vehicle 
dynamics. However it takes nominal track geometry, train speed, quasi-static sway 
of the vehicle body (due to primary and secondary suspension) and quasi-static 
characteristic of the tilt system into account. 
 
The results of the line tests were only late at the disposal of the partners. 
The simulation of the vertical acceleration was the only parameter that was not 
simulated for the purpose of DC7.  (other parameters of interest were)  
Because the vertical acceleration evolves as the lateral acceleration, and the 
simulation of the lateral acceleration is not problematic we conclude that simplified 
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simulation the estimation of nausea  works in principle, taking in account the 
restricted knowledge at the end of the consortium, is feasible. 

  

7.4 Further investigation 

7.4.1 laboratory investigations 
On the basis of the experience of the tests executed by the consortium and the general 
knowledge in this field, we are of the opinion that following aspect needs further study 
before new line experiments can be held 

• What is the confidence zone of the average net dose parameters an homogeneous group 
of males , exposed to a sinusoidal vibration of  X Hz, level Y m/sec2. 

• What is the confidence zone of the average net dose parameters a homogeneous group of 
females, exposed to an identical stimulation? 

• What is de influence of age and homogeneous group? 

• What is the influence of reusing people. 

• What is the best weighting function for roll speed 

• What is the best weighting function for fore and aft acceleration 

7.4.2 Line tests 
 Refine the proposed evaluation method 

 Raising and descending time constants 

 Implementation of search for optimal band filters 

 Analyse tests with smaller time blocks 

 Imply the influence of fore and aft acceleration 

 Study explicate the compensation level 
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APPENDIX 1  
 

For all runs at every voting opportunity the same questions were asked.  

 

 

 

 

 

 

 

 

 

 

 

 

And additionally the following question was asked on the Swedish and Norwegian runs 
respectively: 

 

Swedish questions 

 
 

How would you characterize your nausea, just now?  
You may tick more than one box. 

 
 Headache 
 Tiredness  
 Feeling hot 
 Cold sweating  
 Drowsiness 

      Dizziness 
      Nausea 

 No motion sickness symptoms  

How would you describe the driving comfort the last 5/10 minutes? 

 
Very bad   Very good 

                               
1         2       3       4       5       6       7 

 

How would you describe your feelings of nausea right now? 

 

None   Very strong 

                               
0        1        2       3       4       5       6 
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Norwegian questions 

 
  

How would you characterize your feeling of motion sickness, just now?  
You may tick more than one box. 

 No symptoms at all, I feel fine   
 Some mild symptoms, but not nausea nor dizziness  
 Mild dizziness 
 Mild nausea   
 Moderate nausea   
 Dizziness 
 Strong nausea 
 I do not feel well 
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APPENDIX 2     Weighting curves  
 

Weighting curves defined according to ISO 2631-1 and BS 6841, see Figure x  

wb Weighting curve for vertical accelerations for comfort and health according to BS 
6841:1987 (BSI 1987). wb is used for comfort evaluation according to the CEN 
standard (CEN 1996b). wb is not the primary weighting curve for vertical acceleration 
according to ISO 2631-1 but is acceptable for railway applications (ISO 1997).  

wd Weighting curve for lateral and longitudinal accelerations for comfort and health 
according to ISO 2631-1 (ISO 1997). 

wk Weighting curve for vertical accelerations for comfort and health according to ISO 
2631-1(ISO 1997). 

wf Weighting curve for vertical accelerations for evaluation of motion sickness according 
to ISO 2631-1 (ISO 1997). 
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Figure Weighting curves wk, wd, wf (ISO 2631-,1 1997) and wb (BS 6841:1987, 1987).
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Appendix 3 Method used for the elaboration of the field tests. 
 

For the evaluation of the Scandinavian, Slovenian and SNCF tests following 
method is used, based on previous methodology 

 
An approximation to the net dose model (Kufver and Forstberg, 1999) was fitted to 
the data from the 1998 and 2000 field trial tests. The model assumed that motion 
sickness varied as an exponential function of time and stimulus magnitude. In these 
analyses, the stimulus was formed from 5-minute running root-mean-square motion 
magnitudes. The dependent variable of the model was the mean nausea rating, N, 
which varied with time. Various unweighted and weighted independent motion 
variables were used to represent the magnitude of the stimulus, a, as a function of 
time.  

 
The model was implemented in MS Excel and had the following form: 

 
Where: n was the index of each consecutive 5-minute segment; Nn was the estimated 
nausea at the end of the nth 5-minute segment; Nn-1 was the estimated nausea at the end 
of the nth-1 5-minute segment; kc was a constant representing the initial starting 
condition for the model; kf was a gain; an was the magnitude of the stimulus for every 
nth running root mean-square motion magnitude segment; T was the duration of the 
running root-mean square motion magnitude segments (300 s) and .was a time 
constant, in seconds.  

By minimising the mean-square-error between the predicted and measured mean nausea ratings, 

the MS Excel 'Solver' tool was used to optimise the parameters kf, kc and. for various journeys 

and assumed 'stimuli' relationships.  


