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Abstract 
Over the last twenty years, the railways in Britain have seen rapid growth, with 
patronage doubling and the level of train service increasing by 50%.  However, 
these successes have also led to challenges. In particular real unit costs are 
estimated to have increased by 50%, with particularly marked increases in 
infrastructure renewal and enhancement costs. Against this background, the 
University of Southampton have been leading the Track 21 and Track to the Future 
projects, funded by the Engineering and Physical Sciences Research Council. 
These projects are assessing how to make ballasted track systems more durable 
given higher traffic levels, and how to reduce the costs of maintenance and 
renewal. 
 
Track 21 considered a number of engineering interventions of which this paper 
focusses on one, Under Sleeper Pads (USPs). The cost implications of this 
intervention are assessed for the South West Main Line using an industry-specific 
model, VTISM (Vehicle Track Interaction Strategic Model), adapted in two ways. 
First, the results of laboratory experiments from specialist test rigs are 
incorporated into the model. Secondly, the wider effects of increased reliability, 
improved ride quality and reduced vibration are also considered within a cost-
benefit analysis framework. It is found that USPs can lead to substantial financial 
savings and, depending on assumptions concerning noise impacts, are likely to 
have substantial wider social benefits. 
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1 Introduction 

Track 21 and its successor Track to the Future are projects funded by the UK 
Engineering and Physical Sciences Research Council (EPSRC) which explore 
several innovative interventions which are intended to deliver better engineering, 
economic and environmental performance of railway track (see more information 
on http://www.track21.org.uk/). As part of a good transport planning process, 
every transport infrastructure investment should be subject to some kind of 
economic appraisal. Cost Benefit Analysis is the most commonly used tool for this 
purpose. When applying these tools, cost modelling is a crucial issue because it 
helps to determine the value of cost to be used. This financial valuation might have 
an important effect on the outputs of the analysis (see, for instance, Ortega et al. 
[1]). In the case of railways, potential advances in track and sub base construction 
and maintenance can lead to improvements in reliability or reductions in perceived 
noise, for example. The values adopted for these parameters could influence the 
result and profitability of track upgrades, with errors having the consequence of 
misperceptions of the return gained from investment. In order to conduct such an 
economic appraisal, a review of the valuation of some of the most relevant 
parameters was carried out as the first stage of this research, before using the 
findings to inform modelling of track system costs. 
 
The remainder of this paper is divided into five sections. Firstly, a review of values 
of noise is provided. Secondly, values of vibration and ride quality are given. 
Thirdly, a review of reliability and journey time is undertaken. Fourthly an 
illustrative application of the cost modelling methodology for the South West 
Main Line in the UK is provided. Finally, derived from this review, we are able to 
offer a set of conclusions for policy makers. 

2 Values of Noise 

Noise cost estimates can be difficult to generalise due to their local nature and 
dependence on background noise levels [2].  Furthermore, the impact of a given 
noise level will depend on people’s activities and their attitudes towards the 
railway, and as people become accustomed to a given level of noise exposure their 
annoyance level may decrease [3]. Four different methods were used in the studies 
reviewed to evaluate the cost of noise, including hedonic pricing (HP) ,i.e. the real 
market is used to obtain the economic value of one particular feature, willingness 
to pay (WTP) and contingent valuation (both generally carried out through Stated 
Preference –SP– surveys), and finally estimation of abatement costs. Willingness 
to pay values may be derived from hedonic pricing as well as from SP surveys, 
although as Strand & Vagnes [4] point out there are a number of problems 
associated with such a derivation. In general, noise nuisance valuations obtained 
through HP methods tend to be larger than those from SP methods such as 
Contingent Valuation Method (CVM) or Stated Choice (SC) experiments. In fact, 
there are also differences between CVM and SC [5]. In addition, Janic [6] 
considered that the cost of noise can be calculated as the marginal cost of setting 



up noise protection barriers, with evidence suggesting that each barrier could 
reduce noise over a range of 8 – 10 dB [7]. Finally, it is worth noting that there 
was also little consistency between the formats in which the results were 
presented. These groups are Cost of Annoyance per Person, Property Value 
Depreciation, Marginal Cost of Additional Vehicles and Other Valuations. 

3 Values of Vibration, Ride Quality and Comfort 

Despite an extensive search, relatively few studies which assigned financial values 
to vibration or ride quality could be found. This might be explained by the fact 
that passenger comfort and perception of service quality is affected by several 
factors [8], such as time, country, culture or the physical condition of passengers, 
and when the subjective contribution from all aspects is approximately the same 
then the optimum level of comfort will be achieved [9], regardless of the relative 
contribution of different factors. Schwanitz et al. [10] identified the four most 
important attributes of comfort as being odour, air quality, air ventilation and 
temperature. Moreover, users have a higher sensitivity to vertical acceleration than 
to longitudinal or transversal acceleration [11]. 
 
The first research found giving financial valuations of ride quality was based on 
both RP and SP methods and focussed on alternative types of rolling stock [12]. 
The research analysed seating comfort, ambience, ride quality, seating layout, 
ventilation and noise. The former three aspects were found to be the most 
important aspects with a valuation ranging from 3.41% to 5.22% of the single fare 
for seating comfort, 1.88% to 3.05% for ambience and 1.89% to 3.06% for ride 
quality. However, in a literature review conducted by Johnson, Abrantes and 
Wardman [13] higher valuations were given for the case of trams. Although a 
packaging effect has been demonstrated and could therefore mean that the 
valuation of individual attributes is too high, this effect does not impact on the 
rank of each attribute in relation to the others and the classification of [13] was 
also obtained by the same authors [14]. Paulley et al. [15] found that refurbishment 
which changed train characteristics from those associated with old ‘slam door’ 
stock to new air-conditioned stock in SE England were worth around 2.5% of the 
fare paid, with most train refurbishments worth somewhat less than this (~1.5%). 
Finally, the Passenger Demand Forecasting Handboook (PDFH) [16] measured 
improvements in ride quality in terms of a decrease in in-vehicle time (IVT). 
Going from an extremely bumpy ride to a very smooth ride would lead to a benefit 
equivalent to 3.3% of IVT (commuting) to 3.7% (business/leisure), whereas going 
from an extremely bumpy ride to a train with a lot of movement would have 
benefits of 2.4% and 2.6% of IVT. 

4 Values of Reliability 

Frequency of travel may affect perceptions of reliability, with regular passengers 
likely to have a clear idea of reliability levels on their usual services, while 
infrequent travellers are more likely to be influenced by their most recent journey 



(however atypical) or by press reports and hearsay [16]. Bates et al. [17] suggested 
that a multiplication factor of 2.5 for delay minutes was a reasonable measure of 
the direct disutility of delays, but also pointed out that this was an average value 
based on passengers having full knowledge of random delay distributions, and 
concealing a range between 1 and 5 depending on journey length and purpose. 
Chang [18] recommended to include in the CBA a value of journey time reliability 
which depends on the type of user, i.e. interregional or urban and working or non-
working. 
 
Most studies of the demand impacts of reliability have been based on SP methods. 
After a comparison between implied elasticities by SP valuations of late time and 
directly estimated lateness elasticities, Wardman and Batley [19] concluded that 
implied lateness elasticities are considerably higher than those which are directly 
estimated. Apart from overvaluation of lateness, there are other reasons which can 
help to explain these results such as the possibility that despite poor service 
performance rail travellers are unwilling or unable to reduce their rail travel. 
Preston et al. [20] hypothesised that users may have got used to a certain level of 
delay or be more tolerant to delays due to a high degree of delay associated with 
road travel. One of the few investigations based on RP data, conducted by Rail OR 
[21], looked at three significant runs of poor performance on the London-
Northampton line using TRUST and CAPRI data, deriving implied multiplication 
factors which were around the generally accepted figure of 2.5. 

5 Case study: The South West Main Line 

The South West Main Line is a railway route between London Waterloo and 
Weymouth on the south coast of England. It was built in the 19th century and is 
one of the most used lines in the UK. London is the origin or destination of 
approximately 90% of all journeys, trains operate at medium to high speed, and 
there are important proportions of freight and commuter traffic. In this paper we 
are going to analyse the economic effect of installing under sleeper pads (USPs) 
in the stretch between Portsmouth and London Waterloo. For these calculations 
we only consider passengers from the main stations in the corridor which are at 
least 30 minutes journey time to/from Waterloo (i.e. Portsmouth Harbour, 
Portsmouth & Southsea, Fratton, Havant, Petersfield, Haslemere, Guildford and 
Woking). The length of the stretch considered is approximately 74 miles, the 
project life for the analysis is 60 years, the initial year 2009 and the discount rate 
3.5%. Table 1 offers the values we suggest should be used for this route: 

Table 1. Suggested valuations for the SWML 
Parameter Measure Value 
Noise £ per dB of household 

affected per annum 
£20 (Year 2009) 

Comfort/Ride Quality Value per passenger 1% of the ticket price 
Reliability Value of late time (value 

in minutes per minute of 
average lateness) 

2.5 times value of travel 
time on average 



The effect stemming from the installation of USPs can be split into installation 
cost of USPs, track maintenance, rolling stock, noise, comfort/ride quality and 
reliability. The methodology carried out to calculate the cost of each impact is 
explained within the next paragraphs: 

 Investment. This is the cost of installing USP. We assume a hypothetical 
renewal of the whole stretch in the initial modelled year, 2009. By 
multiplying the number of sleepers by the unit cost of each sleeper the 
investment is obtained. There are 91 sleepers per 55.21 metres of single 
track [22]. Taking also into account switches, and crossings and stations 
we assume that 400,000 USPs will be installed. We know from the 
TRACK21 project that the unit cost per USP is £15 which leads to an 
investment of £5.9 million. 

 Track maintenance & renewal. The cost of track maintenance and 
successive renewals, also known as Life Cycle Cost, is given by the 
Vehicle Track Interaction Strategic Model, VTISM [23]. VTISM 
calculates the cost for the stretch London –Woking – Portsmouth if 40% 
of that route is renewed at the base year. By recalculating the average cost 
of the whole route (i.e. for illustrative calculations we multiply the result 
by 2.5) and applying the updated average cost the impact of track 
maintenance is determined. According to the lab tests conducted by Le 
Pen [24] the Local Track Section Modifier (LTSF) modifier would be 
reduced by 25% after the installation of stiff USPs of 4mm thickness and 
the main benefit would arise from an increased service life of the track 
and a reduced maintenance and renewal volume [25]. After the 
hypothetical investment not many renewals would be needed on the 
route, but VTISM considers additional renewals in some stretches along 
the infrastructure life. Therefore, in order to be conservative in our 
analysis we introduced the cost of installing USPs in each successive 
renewal calculated by VTISM, which is roughly an increase of 3% for 
each renewal. We estimate a benefit of around £45 million in term of 
reduced maintenance and renewal costs. 

 Rolling Stock. Based on the results from VTISM under the USPs scenario 
around 10% more rail renewals would be needed. However we have not 
been able to find any evidence that more rail renewal could lead to a 
deterioration of rolling stock. Therefore, we have decided to leave it out 
of the analysis. 

 Noise. We estimated with ArcGIS that in 2009 there were slightly above 
108,000 buildings within 300 metres of the track and 30,500 within 80 
metres of the track. These buildings were therefore assumed to be 
affected by air-borne noise and ground-borne noise respectively [26]. 
Moreover, the use of USPs could lead to a reduction of ground noise of 
up to 15 dB [27], but would slightly increase air-borne noise [28]. For 
those buildings within 80 metres the dominant effect may be reduction in 
ground-borne noise whereas for those houses between 80 and 300 metres 
the increase in air-borne noise would be the dominant impact. Noise and 
vibration due to ground-borne noise is more annoying than just air borne 



noise, albeit taking into account there are no monetary values for ground-
borne noise, we have to assume this has the same valuation as air-borne 
noise. In order to be conservatives we have adopted a reduction of 5 dB 
in ground-borne noise and an increase of 1dB in air-borne noise. The 
annual increase in the number of houses and in the values for noise have 
been chosen from [29]. We selected these values because are lower than 
the WebTAG (Transport analysis guidance in the UK) parameters. By 
multiplying the reduction of noise per house, the number of houses and 
the value of noise per house in each year we obtain the balance for this 
externality. 

 Comfort/Ride Quality. USPs would also reduce noise inside the train and 
improve ride quality due to the reduction of vertical acceleration [30], but 
would have no impact on other attributes of comfort. The value of 
changing from a very uncomfortable to a very comfortable ride could be 
up to 10% of the ticket price. Thus, and according to the literature review, 
the value chosen for an increase in comfort as a result of installing USPs 
is 1% of the ticket price. We have differentiated between anytime or full, 
season, and off peak or cheapest tickets. Commuters pay season ticket in 
a proportion of 85%/15% standard/first class which is the same 
proportion as of seats offered in the train,  and use the season ticket 480 
times each year. The same proportion of standard/first is applied to 
anytime users. However, we assume that holders of reduced tickets do 
not travel in first class and that 25% of travellers within this category 
have a card with an average discount of 33%. The proportion of each type 
of ticket sold (full, season or reduced) is given in the Office of Rail and 
Road station usage database. Finally, by multiplying the number of users 
in each category by the percentage of their ticket price attributed to the 
improvement, the value of comfort/ride quality is known. 

 Reliability. 30% of delays are due to track defects and networks 
management [31] and according to VTISM these disruptions would be 
reduced by around 20% after the installation of USPs, which would lead 
to an overall improvement in reliability of 6%. Nevertheless some items 
of the railway infrastructure would be relatively unaffected by USPs and 
therefore we have decided to reduce the figure by 50%, i.e. giving a final 
improvement of 3%. We have considered that 92% of trains would arrive 
on time, that is within 5 minutes of expected time, 5.6% would be delayed 
up to 30 minutes and 2.4% would be cancelled or with a significant 
lateness [31]. The values of time have been chosen from WebTAG and 
depends on the type of user: working, non-working commuting and non-
working others. To conduct the appraisal, the kind of ticket was 
transformed into the type of user using the figures given by the Passenger 
Demand Forecasting Handbook. So, we linked commuting users with 
non-working commuting users, business users with working travellers, 
and finally leisure travellers with non-working other users. Taking into 
account all these figures the improvement of 3% in reliability generates 
a benefit of £35 million. 



Finally, other general economic parameters such as demand, evolution of demand 
and RPI have been chosen from WebTAG and the National Rail Trends (NRT) 
websites. Demand growth and RPI are capped after 20 years, and their annual 
average values for the first 20 years are settled around 2.05% and 3.5% 
respectively. Following the WebTAG recommendations, RPI has been used to 
calculate tickets price and rolling stock investment in nominal terms, but converted 
afterwards into real terms through the GDP deflator. 
 
To conduct this economic analysis some hypotheses have been assumed, and it is 
often remarked that risks and uncertainty are not easily taken into account in CBA 
assessment [32]. For instance, the level of renewals could be slightly different to 
that considered by VTISM because the program assumes the renewal of some 
stretches in the initial year instead of the renewal of the whole route, or the value 
of the ground–borne noise reduction or reliability improvement could also be 
different. So, in order to overcome the intrinsic weakness of the CBA 
methodology, we use a stochastic approach rather than the deterministic one that 
is commonly used. This is done with a Monte Carlo Simulation underpinned by a 
sensitivity analysis aimed at determining the level of certainty and identifying the 
most important parameters for policy lessons. The goal of running a Monte Carlo 
Simulation is to assess risk more accurately, choosing randomly modifiable values 
in each iteration whereas the goal of sensitivity analysis is to know the most 
important parameters influencing the result. 
 
In order to display the range of possible outcomes, the results of the CBA are 
sorted and plotted as histograms and cumulative probability distribution curves 
(also called value at risk and gain curve (VARG)). We have run two models with 
different assumptions with respect to noise. In assumption a) we only consider an 
increase of air – borne noise for all houses within 300m of the track, whilst in 
assumption b) we consider the reduction of ground – borne noise for houses within 
80m of the track and the slightly increment of air noise for the remaining houses 
between 80m and 300m from the track. Figure 1 shows how the cumulative 
probability distribution curves have the shape of a cumulative normal distribution, 
since we selected each variable to fluctuate between minimum and maximum 
values according to a normal distribution. In the most likely option, the social 
benefits of installing USPs in the selected route would be around £89 million. The 
final outcome in terms of social welfare is almost always positive and fairly stable 
over the MonteCarlo analysis. Only the worst-case scenario under assumption a) 
brings some welfare loss whilst the worst – case scenario under assumption b) still 
produces a global benefit greater than £135 million. These results demonstrate that 
the outcome of the analysis is quite robust. 
 
 
 
 
 
 



Figure 1. NPV Cumulative Distribution Function 
 

  
 
Two conclusions arise from the last figure. Firstly, under the majority of scenarios 
the expected NPV will be always positive. Only taking into account just air borne 
noise (figure 1a) the NPV might be negative with a probability of less than 1%. In 
fact, under this assumption the benefit can be set between £38 million and £140 
million with a probability of 80% and the mean of the sample is in the middle of 
that range, £89 million. Under the more realistic assumption of considering that 
the reduction of ground – borne noise dominates for buildings within 80m of the 
track whereas the increase of air borne noise affects to the remaining houses up to 
300m, the benefit is even greater. The difference between the mean of both 
assumptions is £152 million. Secondly, there is a high variability between the 
minimum and the maximum value. For instance, under scenario b the maximum 
value is almost three times higher than the minimum value. Below, table 2 shows 
the results of the two CBA carried out: 
 
Table 1. NPV from the CBA parameter values 
 

Probability NPV Option a) (£ 
million) 

NPV Option b) (£ 
million) 

Minimum value -48.676 135.683 
VAR 10% 38.079 194.374 
Expected value (mean) 89.331 241.279 
VAG 90% 140.257 290.150 
Maximum value 230.139 364.720 

 
Figure 2 shows the outcome of a test carried out to analyse the sensitivity of the 
results to the changes of the variables studied in Table 4. The analysis was 
conducted through a tornado diagram to show the sensitivity of the NPV to the 
variables used in the methodology while keeping the remaining variables constant 
(Figure 2). On the left side of this figure, we find all the variables determining the 
final outcome in terms of net present social value. Next to the definition of each 
variable, in brackets, we display the variation range tested for each variable. The 
variables with the largest influence on the NPV have been plotted in red, whilst 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

-50,000,000 0 50,000,000 100,000,000 150,000,000 200,000,000 250,000,000

P
ro

b
ab

ili
ty

NPV (£) USPFigure 1a

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

100,000,000 150,000,000 200,000,000 250,000,000 300,000,000 350,000,000 400,000,000 450,000,000

P
ro

b
ab

ili
ty

NPV (£) USPFigure 1b



the variables with little impact on the final outcome have been depicted in blue. 
The economic variables have been represented at the top of the figure whilst the 
variables that could be managed by TOCs and the infrastructure manager are 
drawn in the middle and at the bottom of the graph. 
Figure 2. Sensitivity Analysis 
 

  
 
It is noteworthy that all stakeholders benefit: train operating company, 
infrastructure manager, travellers and non-users. The financial benefit to Network 
Rail is around £40 million and might mean a risk of underspending on maintenance 
given the fact that the social NPV is at least £100 million. As expected VTISM 
indicates that there are less interventions in the track than in the base case. The 
improvement in comfort and ride quality could be easily internalised through a 
higher ticket price and the housing market can internalise the effect of noise. The 
upgrades studied in Track 21 project (e.g. installation of under sleeper pads or 
random fibre reinforcement to name but two) are realistic and could be beneficial 
for the UK. 
Three variables dominate the outcome: RPI, air noise increase and finally 
improvements in Comfort/Ride Quality. The remaining variables have less impact 
on the NPV. The large influence of RPI is explained by inconsistencies with the 
GDP deflator and for this reason RPI is usually removed from CBA calculations. 
Each one dB increase in air – borne noise alters the NPV by almost £90 million 
under assumption a) or £66 million under assumption b). Ground – borne noise is 
also very important since each 1 dB reduction brings a benefit of £25 million, 
mainly for the buildings within 80 meters of the track. Any track intervention 
improving Comfort/Ride Quality just by 1% of the ticket price leads to a social 
gain of £120 million. A reliability improvement of 1% would lead to a smaller 
benefit of nearly £10 million. This is also the case for the proportion of trains on 
time, each improvement of 1% means a NPV decrease of around £4 million. 
Logically, the better the punctuality of the system the less the effect of USP, and 
this is what the figure is telling us. This result is based on the fact that this 
proportion is assumed to be constant along the infrastructure life, but different for 
USPs and base case. Fortunately these variables can be managed by TOCs and the 
infrastructure owner (i.e. Network Rail) and therefore there is room for realistic 
upgrades of the track. The UK railways are among the oldest in Europe and it is 
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important that in order to avoid welfare losses from users with a high valuation of 
their trip or from their externalities the railway system should be upgraded to the 
21st century. 

6 Conclusions 

In order to carry out effective cost modelling of potential advances in track and 
sub-base construction and maintenance, and to reliably optimise the timing of 
maintenance interventions, it is necessary to place values on the various factors 
that are affected by such interventions.  These include the effects of noise and 
vibration on both passengers and non-users, and of reliability, journey time and 
ride quality on both passengers and rail industry stakeholders. A review of the 
evidence on valuations of these factors has therefore been carried out in this paper, 
as the basis for undertaking a meta-analysis of the valuations. It should be noted 
that the extent of the evidence-base was found to be highly variable, with little 
research having been undertaken on valuing the effect of some of the factors. 
 
The high degree of variability can be explained by several reasons. Firstly, 
differences between regions, types of travellers and affected non travellers have 
been found. Secondly, depending on the approach considered the value to be 
placed in the analysis has to be different, such is the case of ride quality which can 
be valued through in – vehicle time or as a percentage of the ticket price. Finally, 
HP methods and SP surveys usually lead to different values, whilst bias in some 
results can also be found. 
 
It also noteworthy that noise can be valued by two approaches. One the one hand, 
noise should be taken into account as an externality that affects non rail users such 
as neighbourhoods close to a rail line. On the other hand, noise experienced by rail 
users must also be considered as part of passenger comfort. An example which 
clarifies this can be found in noise protection barriers. If noise protection barriers 
are installed along the track, the external effect of noise would be greatly reduced, 
but travellers would continue to be negatively affected by noise while also losing 
potential benefits gained from appreciation of the view from the train. Regarding 
valuation of ride quality and passenger comfort, despite the improvement on the 
topic, there is still a lack of consistent values and therefore further research is 
needed. With respect to reliability, it is well acknowledged that rail users are 
adversely affected by lateness. Nevertheless, some findings suggest that travellers 
are becoming less sensitive to delays and consequently its value should be lower. 
 
So, in order to carry out economic appraisal and avoid misinterpretations of the 
results, we suggest adapting the values to the particular case study reflecting a 
realistic situation, and also conducting a sensitivity analysis which can help 
identify the key parameters. Finally, in developed countries with old rail 
infrastructures and high demand, such as is the case in the UK, it appears that 
minor interventions which improve reliability and comfort/ride quality and at the 
same time reduce externalities could potentially bring important social benefits. 
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