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Life Cycle Cost Assessment of Bitumen Stabilised Ballast: a novel maintenance strategy for 16 

railway track-beds 17 

Abstract 18 

In railway sector, the high quality of the track is ensured by adequate construction methods and frequent 19 

maintenance. To reduce the maintenance frequency diverse techniques have been recently developed. 20 

Among others, bitumen stabilised ballast (BSB) represents an innovative solution designed to increase 21 

ballast service life and reduce overall maintenance burdens. This technology, which can be used for new 22 

track-beds as well as to reinforce existing ones, consists of the use of bitumen emulsion (BE) poured or 23 

sprayed at ambient temperature onto the ballast. The objective of the present work is to assess the economic 24 

feasibility, encompassing the estimation of the costs of the environmental impacts, of this innovative 25 

technology (BSB), compared to the traditional ballast (TB). This purpose is achieved using a lifecycle 26 

approach where economic and environmental impacts are combined to return an integrated model. Results of 27 

Life Cycle Cost Assessment carried out for the baseline scenarios (with respect to traffic level and quality 28 

level set for the infrastructure) indicated that: the BSB technology, used since the construction stage and 29 

during the routine tamping, can provide economical savings. Sensitivity analysis to main parameters 30 

affecting results showed that these savings can vary significantly, especially in relation to the traffic and the 31 

discount rate.  32 

 33 
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 35 

1. Introduction 36 

Railways require relevant resources to ensure efficiency and functionality along the time. In Europe, the 37 

construction cost of track ranges from 2 to 4 million of euros/km for single track, while the maintenance 38 

costs can vary from 30.000 to 100.000 €/km per year [1-3]. The main part of the total cost of maintaining the 39 

railway infrastructure arises from the track, thus the interest towards innovative and effective construction 40 

and maintenance techniques of the track is continuously growing.  41 
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“Climate and resource challenges require drastic action” [4], this is the imperative priority declared in the 42 

European strategic energy and climate targets for Smart, sustainable and inclusive growth and Smart, green 43 

and integrated transport by 2020. Indeed, greenhouse gas (GHG) emissions and their negative effects on 44 

global warming has urged the international community to strength the worldwide commitment to implement 45 

fair-reaching actions towards low-carbon and climate-resilient growth. Transport sector contributing to 46 

around a quarter of the European Union’s (EU's) GHG emissions. Road transport is the biggest emitter 47 

accounting for more than 70% of all GHG emissions from transport in 2014. In the light of this, the railway 48 

mode can play a crucial role in the EU’s low-emission mobility strategy [5]. Indeed, rail is the only major 49 

mode of transport that is currently able to shift from using fossil fuels to renewable energy without the need 50 

for further major technological innovations [6]. Therefore, at least in EU, rail represents a preferable mode of 51 

transport for achieving in the future a satisfactory balance in terms of environmental, economic and social 52 

impacts, as demonstrated by programs such as s2rail (http://shift2rail.org/). The construction of new and the 53 

improvement of the existing railway infrastructures is expected to continue its growing trend in the next 54 

years as the EU aims for implementing and completing the Trans-European Transport Network (TEN-T) 55 

core network by 2030 and the TEN-T comprehensive network by 2050 [5,7]. This is in line with the EU 56 

objective that aims to achieve a sustainable growth exploiting modern, sustainable infrastructure. Sustainable 57 

growth means building a resource efficient, sustainable and competitive economy, through the development 58 

of new processes and technologies, including green technologies. In order to meet these targets and ensure 59 

the transition to a low-carbon economy, it is necessary to modernize infrastructures, especially railway, 60 

through the application of best practices, optimizing recycling chains and promoting an efficient 61 

infrastructure management. This will allow reducing costs of maintaining the existing surface transport 62 

infrastructure networks. 63 

Ballasted track is the most common type of track superstructure supported on a layer of granular material 64 

(ballast) [8, 9] Despite the benefits of this track-bed structure and the robustness of experiences in this type 65 

of construction, it presents certain limitations and drawbacks, mainly associated with geometry degradation 66 

due to ballast settlement [10-14]. Settlement occurs in different phases of lifecycle: 1) immediately after 67 

track construction, tamping or renewal, due to the consolidation of ballast; 2) in a second phase, during the 68 

exercise, with a slower settlement rate that generally can be approximated by a linear deterioration with the 69 



 4 

logarithm of the number of load cycles. This settlement is associated to a further reduction of volume due to 70 

ballast particles rearrangement and breakdown caused by fracture and abrasive wear of the individual stones; 71 

3) a third phase with a quasi-exponential degradation that would mark the end of track life that occurs if the 72 

track does not undergo to a correct frequency of maintenance [13].  73 

Due to the different mechanisms of settlement, periodic and costly minor and major maintenance operations 74 

are required to provide a granular layer with adequate characteristics.  75 

Automatic tamping is the most used method worldwide to correct track geometry defects. The vibrating 76 

action induced by tamping machine allows re-arranging the particle positions, thus restoring the original 77 

position of the track. However, this operation causes certain detrimental effects: i) vibrating tines disturb and 78 

dilate the densely packed ballast layer, degrading particles and reducing track stability [13-15]; ii) track 79 

profile may quickly revert back to its original state, a phenomenon known as ballast memory [16]; iii) 80 

tamping produces high amount of fines (up to 4 kg of fines/sleeper/tamp) [17] increasing progressively the 81 

contamination (fouling) of the ballast layer. For this reason, tamping typically reduces its efficiency after 82 

every application [18] and may not produce a durable high quality level of track geometry.  83 

In order to face the discussed drawbacks of the tamping diverse maintenance-based solutions, such as 84 

polyurethane-based ballast stabilisation, ballast bonding by resins, cement grouts, etc. have been developed 85 

in last decades with the aim of reducing maintenance frequency [19].  86 

In this context, given the need to develop innovative solutions to increase the durability and geometric 87 

quality of ballasted tracks while reducing costs associated with their maintenance, bitumen-stabilised ballast 88 

(BSB) has recently been proposed by [20-23] because of its easy and quick applicability and the relatively 89 

low cost of the bonding agent. This technology, designed to be used for new track-beds as well as to 90 

reinforce existing ones, consists of the use of bitumen emulsion (BE), which is poured or sprayed at ambient 91 

temperature onto the ballast. BSB has been developed through model-scale and full-scale laboratory tests 92 

simulative of field conditions, optimising the main factors affecting the stabilising process and BSB 93 

behaviour. 94 

The bitumen stabilisation would be ideally applied during a routine maintenance operation to correct track 95 

geometry such as tamping or stoneblowing by a system analogous to that used by the stoneblower when the 96 

sleeper is raised during the maintenance process. 97 
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Further details of BSB maintainability over the whole service life are reported in [23]. 98 

The mechanical behaviour and the durability have been analysed in simulative laboratory tests [20-22], 99 

nevertheless the use of BSB needs to be supported by environmental and economical evaluation to highlight 100 

the potential benefits in terms of reduction of costs, natural resources employed in the construction and 101 

maintenance/rehabilitation and mitigation of negative impacts for the community.  102 

To this purpose, the main goal of this work is to evaluate the economic feasibility and quantify the potential 103 

benefits arising from the use of BSB technology as construction and maintenance practice, encompassing the 104 

estimation of the costs of the environmental impacts. The results are compared with the costs arising from 105 

the application and use of traditional ballast.  106 

This purpose is achieved using a lifecycle approach in which economic and environmental aspects are 107 

modelled and integrated [24].  108 

A comparative attributional and process-based Life Cycle Cost Analysis (LCCA) study is performed 109 

according to the ISO 15686-5 2008 [25] integrating the contributions and the outcomes of Life Cycle 110 

Assessment (LCA) [26-27]. The proposed method calculates and compares the potential economic benefits 111 

associated with the construction and maintenance of traditional ballasted and BSB track-bed. The study 112 

includes also a sensitivity analysis to ascertain the effects on life cycle costs of possible variation of certain 113 

input parameters.   114 

The integrated approach may represent a useful tool in decision-making process for implementing and 115 

optimizing track management system, taking into account long-term costs and environmental impacts.  116 

2. Methodology 117 

2.1 Principles of Life Cycle Cost Analysis 118 

Life-Cycle Cost Analysis (LCCA) is an effective technique that enables to quantify the costs of alternative 119 

options for a given project. Life Cycle Cost Analysis is a systematic process that taking into account 120 

different impacts can offer a long-term evaluation of a project. The process requires the sum of the monetary 121 

equivalency of all advantages, disadvantages and costs at their respective time of occurrence throughout the 122 

period of analysis. Subsequently, they are converted into a common time domain so that different solutions 123 

may be compared on the same time scale [28]. A robust LCC framework will be able to link life cycle 124 
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analysis studies to the monetary cost systems used by business decision-makers. To do so, discount rate is a 125 

fundamental parameter allowing to every cost to the reference time. This last parameter can be estimated as 126 

defined by ISO 15686-5 [25]. By referring to the interest rate used to determine the present value of future 127 

costs, the discount rate is generally determined as interest of the national bonds when the analysis is for 128 

public sector projects. Usually LCCA considers only the investments from one actor, i.e. agency, and thus 129 

focuses only on financial aspects (construction, maintenance/renewal, disposal costs) [29]. This type of 130 

approach is also called conventional LCC [30]. In certain cases, the user costs are included as well. A 131 

comprehensive LCCA extends the analysis to the external costs in addition to agency and user costs 132 

(environmental LCC) [30, 31]. Several definitions of external costs (or externalities or externality costs) can 133 

be find in literature: (a) costs that the transport user causes to a third party and for which he does not pay 134 

[32]; (b) undesirable side effects of production and consumption processes, borne by third parties [33]; (c) 135 

difference between the private and the social costs where social costs are defined as “all costs occurring due 136 

to the provision and use of transport infrastructure”, while private costs are defined as “costs directly borne 137 

by the transport user”  [34].  138 

European Transport White Paper [35] recommends to account for external costs in case of road and rail 139 

infrastructure design and projects. However, when external costs are considered many issues have to be 140 

addressed: the categorisation of the external costs, the monetary evaluation, the discounting. Regarding the 141 

categorisation, [32] consider four different categories: accidents, congestion, environmental costs and 142 

infrastructure costs. In the present work, only the environmental costs have been considered. For the 143 

monetary evaluation, two main approaches allow the conversion of environmental impacts into monetary 144 

costs [36, 37]. The first is the Damage-based approach, i.e. the monetary cost is assigned at the end of the 145 

life cycle impact assessment (LCIA) stage. This cost expresses the amount of wellness losses due to the 146 

impacts of a product or activity. The second is the Prevention-based approach (also known as Marginal 147 

Abatement Cost) [38]. In this latter case, the damage cost depends on the policy targets established by each 148 

government regarding each specific environmental problem. The approach used in this work is a prevention-149 

based method named Eco-cost approach, that differs from the Marginal Abatement Cost because the goal is 150 

not based on policy targets, but rather established by “the earth’s estimated carrying capacity” [39]. 151 
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The discounting of environmental costs is a very debated issue [40] because low discount rates could be used 152 

to give a relevant value to the consequences in the future but could compromise investments on project that 153 

might result environmentally damaging, on the contrary high discount reduces the costs of environmental 154 

degradation to later generations, and similarly to the previous case could reduce the attractiveness for long-155 

term environmentally favourable projects. 156 

2.2 Comprehensive and integrated lifecycle cost analysis 157 

To evaluate economically the novel BSB technique a comprehensive lifecycle cost analysis (LCCA) has 158 

been framed and applied to two different alternatives: traditional ballast (TB) and bitumen stabilized ballast 159 

(BSB) (see Fig. 1).  160 

LCCA accounts for three main cost categories:  161 

- agency costs which refer to the construction, maintenance and renewal expenditures; 162 

- user costs mainly related to the costs of delays in the railway service caused by maintenance and 163 

renewal activities on the ballast layer; 164 

- externality costs associated to the impacts on the environment produced by activities and processes 165 

carried out during construction/maintenance/renewal, (i.e. transportation, quarrying, landfill use) [41]. 166 

 167 

Fig. 1. Lifecycle Cost Modelling 168 

For each ballast construction/maintenance alternative, the total cost (CTOT) is defined as in Eq. (1): 169 
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EXUSAGTOT CCCC ++=           (1) 170 

where CAG
, CUS

 , CEX are respectively the agency costs, the user costs and the externality costs. 171 

The agency costs can be divided into: initial cost for ballast construction (Ccons) and running costs for 172 

maintenance (Cmain) and renewal (Crenw) as expressed in Eq. (2): 173 

renwmaincons
AG CCCC ++=           (2) 174 

Costs of construction mainly depend on the expense for materials (supply, transportation, etc.) and 175 

construction processes; they can be estimated based on executed or on going railway projects.  176 

Maintenance encompasses all the minor and major activities that aim to ensure the stability and 177 

serviceability of the track. Maintenance costs during lifecycle are affected by the traffic, typically expressed 178 

in Millions Gross Tonnes (MGT): the higher the traffic the lower the interval between two maintenance 179 

activities and consequently the higher the maintenance costs. Obviously, the maintenance approach adopted 180 

by the owner and established since the design stage affects the schedule of the activities (type and timing of 181 

the interventions) and the related costs [24, 42-44]. 182 

Renewal, in this work, is indented as the replacement of the old ballast layer with a new material. This 183 

activity is performed at End-of-Life of this track component and the related costs include the disposal and 184 

reconstruction costs. 185 

The user costs are mainly related to the delays originated by restrictions (reduced speed, inoperativeness of 186 

railway components, etc.) due to the work zones. According to Lovett et al., [45] delays can be divided into 187 

two general categories: routine (experienced during normal operations, including crew changes, meets, 188 

passes, and civil speed restrictions) and irregular (maintenance, accidents, and short-term speed restrictions 189 

based on track conditions). As regards the ballast maintenance, it should be highlighted that most 190 

maintenance operations such as tamping are performed during non-operative time (maintenance night shifts) 191 

and therefore they can be considered as non-disruptive. However, as tamping operations become more and 192 

more demanding they could interfere with the normal operation of infrastructure, causing delays and trains 193 

cancellation. 194 

The cost of train delay per hour varies based on a variety of factors divided into five main categories: crew, 195 

cars, lading, locomotives, and fuel and most of these costs vary with train composition [45]. There have been 196 

many attempts to determine the cost of delays for railroads, which resulted in values ranging from €. 200 to 197 



 9 

more than €. 900 [46-49]. Assuming an average train composition, then crew, car, lading, and locomotive, 198 

costs are approximately assumed equal to 900 €/train-hour. Based on the above, the following Eq. (3) 199 

applies: 200 

traintrainrenwtraintrainmainrenwmain
US CNTDCNTDCDCDC ⋅⋅+⋅⋅=+=       (3) 201 

where CDmain and CDrenw are the costs for delays caused by maintenance and renewal activities respectively, 202 

TDmain and TDrenw are the average length in hour of delays for maintenance and renewal, Ctrain the average 203 

cost of train-hour and Ntrain number of trains affected by delays. The number of trains in the present paper 204 

have been calculated based on the level of traffic (MGT) considered and taking into account the maximum 205 

load allowed in the railway lines (i.e. 1600 tonnes in Italy). 206 

The externality costs refer to the sum of all costs of environmental impacts produced during the construction 207 

and the lifecycle of the ballast (CEXkj). To each j-th impact produced by the k-th process (Qkj), can be 208 

associated a unit cost (UPkj). Having in mind the symbols already defined, the externality costs can be 209 

calculated as in Eq. (4): 210 

∑∑ ⋅∑∑ ==
k j

kjkj
k j

kj
EX UPQCEXC          (4) 211 

In the present paper the environmental burdens associated to the construction, maintenance, renewal 212 

activities have been estimated by using a process-based Life Cycle Assessment (LCA) study according to the 213 

ISO 14040 series [26-27]. This allowed comparing the potential environmental impacts associated with the 214 

construction and maintenance of TB and BSB track-bed [41]. The LCA methodology is described by four 215 

phases: (1) goal and scope definitions, (2) inventory analysis (LCI), (3) impact assessment (LCIA), and (4) 216 

interpretation of data and findings [50]. The previous LCA study was modelled in Gabi Professional 217 

Academy LCA software® [51]. The calculation of the values for each impact category was performed at 218 

midpoint level by applying the impact assessment method ReCiPe [52]. Specifically, the following impact 219 

categories were considered: climate change, fossil depletion, freshwater ecotoxicity, freshwater 220 

eutrophication, human toxicity, marine ecotoxicity, marine eutrophication, metal depletion, ozone layer 221 

depletion, particulate matter formation, terrestrial acidification, terrestrial ecotoxicity, water depletion, and 222 

primary energy demand. These categories have been evaluated for construction, tamping and renewal stages 223 

of the two competing solutions.  224 
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After having calculated the values obtained from LCA for each above-mentioned impact category the key 225 

step was to define the monetization of the externalities that can meet different interpretations and results [53, 226 

54]. 227 

In this paper the monetary evaluation was performed using the eco-costs, which are measures to express the 228 

amount of environmental burden of a product considering as a basis the prevention of that burden. Eco-costs 229 

represent the expenditures to reduce the environmental pollution and materials depletion to a level which is 230 

in line with the carrying capacity of our earth. Eco-costs are virtual costs, hidden obligations, because they 231 

are not yet integrated in the real life costs of current production chains (Life Cycle Costs).  232 

All the above-discussed costs (agency, user, externality) occur at different time as represented in Fig. 2 233 

therefore discounting is needed to express future costs at today’s equivalent by applying the discount (r) rate. 234 

Notwithstanding discounting is generally accepted, the amount of discount rate applied is often 235 

controversial. In business circles high discount rates are applied and consequently financial flows have a 236 

higher weight. In contrast, from a societal or environmental point of view, low discount rates are preferred to 237 

avoid the fact that current activities impose large costs on future generations [55]. 238 

Another important cost to be taken into account is the Salvage Value, defined as the net worth at the end of 239 

the LCCA period of analysis of a component of a system. It can be positive or negative. A negative residual 240 

value indicates that there is value associate with the asset. This concept aims to embody the notion that the 241 

asset is not completely worn out or retains some value for future use. For instance, a track-bed recently 242 

replaced could ensure service for more than 30 years so that if this operation is carried out right before the 243 

end of the period of analysis there will be the need to take into account the residual ‘benefit’ because, under 244 

steady-state assumptions, some subsequent uses would not need to start from scratch. For this reason, LCCA 245 

generally includes residual value as this is a tangible asset [56].  246 

The salvage values of construction and maintenance operations, such as those considered in this study, with 247 

remaining service life can be calculated as a crude approximation, by linearly prorating their total initial 248 

costs [56], as in Eq. 5: 249 

cost  total
life service otal

life service esidual initial
t
rS ∗=          (5) 250 

As for all the other costs, also this negative cost is discounted (at the last year of the period of analysis – 60th 251 

year).252 
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253 
Fig. 2 Example of expenditure stream diagram 254 

Taking into account all the above-mentioned factors, the total present value of each solution is calculated 255 

applying Eq. (6): 256 

∑ ⎟
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−

+
=

=

n

k
nk

x

r
S

r
CTPV

1 )1()1(
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where Cx are all the costs the lifecycle (agency, user, and externality), r is the discount rate, assumed 258 

constant, k is the year of occurrence of the expenditures, S is the salvage value, n is the period of analysis in 259 

years.  260 

The difference of the TPV associated to the two alternatives at a certain time of the life span allows 261 

estimating the potential economic benefits of a solution when it is compared to another. Gain (G) can be 262 

defined as in Eq. (7). 263 

BSBTB TPVTPVG −=            (7) 264 

3. Case study  265 

The railway track-bed case study was the doubling track line Florence-Viareggio in the Pistoia-Montecatini 266 

Terme section, in Italy. All costs of the case study presented are referred to a typical section of 1-km length, 267 

composed of a ballast layer having thickness of respectively 35 cm and 3.5 m, being equal for both solutions 268 

(i.e. traditional ballast and BSB). It should be noted that, to provide more general and usable results for other 269 

researchers, we have considered for the economic and environmental aspects the geometry of single track 270 

section.  271 

The period of analysis was equal to 60 years. The traffic at the beginning of the service life was assumed to 272 

be equal to 20 MGT. This is the traffic volume expected for the medium term of the doubled line. The traffic 273 
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growth rate was assumed to be 0.5% per year. These input data are consistent with the ones used in the LCA 274 

of the BSB construction/maintenance strategy [41]. 275 

Two scenarios were compared: the first one is a traditional ballast layer and tamping as main maintenance 276 

technique, the second one considers a ballast layer realized and maintained according to the novel bitumen 277 

stabilized technique. 278 

The main characteristics of traditional and bitumen stabilized ballast are reported in Table 1. 279 

 280 

Table 1. Main characteristics of traditional ballast and BSB. 281 

Type of 
solution Components 

Component 
density 
(kg/m3) 

Bulk 
density 
(kg/m3) 

Total quantity of 
ballast (tonne/m) 

Quantity of 
ballast stabilised 
with bitumen 
emulsion (kg/m) 

Total quantity of 
bitumen 
emulsion (kg/m) 

Traditional 
ballast 

Crushed 
gravel 2700 1600 1980 - - 

BSB 

Crushed 
gravel 2700 

1623 1980 372.7 5.367 Bitumen 
emulsion 1060 

 Table 2 reports the values of the parameters used in the economic model based on calculations and literature 282 

sources, all the evaluation are referred to the present (year 2017). In the study-case it was assumed a 283 

complete dismantling of the BSB during the track-bed renewal and no recycling of material.   284 

 285 

Table 2. Parameters and values used in the economic model. 286 

Acronym Parameter Value Source 

Ccons (TB)/Crenw(TB) Construction /Renewal cost TB [k€/km] 95.00 [57, 58]  

Ccons (BSB)/ Crenw(BSB) Construction/Renewal cost BSB 
[k€/km] 97.00 [57, 58]  

Cmain (TB) Cost of tamping [k€/km] 7.20 [59]  
Cmain(BSB) Cost of tamping +BSB [k€/km] 9.50 [60]  
CDmain Cost of delay  [k€./train-hour] 0.9 [46, 47]  
TDmain (TB) Duration of tamping [hour/Km] 1.16 [61, 18]  
TDmain (BSB) Duration of tamping + BSB [hour/Km] 1.79 [59]  
TDrenew Duration of renewal [hour/Km] 13.33 [57]  
ne Period of analysis [years] 60  
i Discount rate [%] 4 [62]  
 287 

The unit costs of environmental burdens are reported in Table 3. 288 
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Table 3. Monetary evaluation of environmental burdens 289 

Environmental impacts Unit 
Monetary evaluation 
[euro] References 

Climate change kg CO2-Equiv. 0.116 [63]  
Terrestrial acidification kg SO2 eq 8.83 [63]  

Freshwater Eutrophication kg P eq 4.17 [63]  

Ozone depletion kg CFC-11 eq 331.5 [64]  
Fossil depletion kg oil eq. 0.8 [63] 

Freshwater ecotoxicity kg 1,4-DB eq 55 [63]  

Human toxicity kg 1,4 DB eq 1.4 [65]  
Marine ecotoxicity kg 1,4-DB eq 55 [63]  

Metal depletion kg Fe eq 0.035 [63]  

Particulate matter formation kg PM10 eq 34 [63]  

Terrestrial ecotoxicity kg 1,4-DB eq 55 [63]  

Water depletion m3 1.06 [63]  

Marine Eutrophication kg N-Equiv. 4.17 [63]  
 290 

To estimate maintenance strategies (minor and major operations schedule) for both TB and BSB, the 291 

performance-based integrated model proposed by [23] was used. This model was based on laboratory results 292 

simulating the ballast layer behaviour under repeated traffic loading for both traditional ballast and BSB. A 293 

more detailed explanation of the methodology used to build the model from laboratory data can be found in 294 

[23].  The number and timing of maintenance interventions evaluated through this model is mainly 295 

dependent on the traffic level and the quality level set for the infrastructure, in particular the limits for (i) 296 

standard deviation (SD) of track irregularities (longitudinal level) and (ii) ballast contamination level. 297 

The baseline scenario refers to a traffic level of 20 MGT (medium traffic railway line) [66] (Hensley and 298 

Rose, 2000); a traffic growth rate of 0.5%; a SD limit of 2 mm [67]; and a 30% limit for particles passing the 299 

22.4 mm sieve [68].  300 

Figure 3 represents the evolution over time of the SD of the vertical alignment as well as the timing of the 301 

tamping activities to be carried out for BSB and TB considering the baseline scenario parameters. In order to 302 

take into account the progressive loss of effective- ness of maintenance, an efficiency of 95% in restoring the 303 

geometry after tamping, compared to the previous intervention, was assumed. This parameter, which 304 

determines the progressive increase of the initial value of standard deviation (A) after each maintenance 305 

operation, was assumed constant in this model. Nevertheless, high level of ballast contamination may further 306 

reduce the effectiveness of maintenance Thus, future versions of the proposed model should consider also 307 

this variable [23]. As it is possible to observe from Fig. 3, the number of tamping operations over the period 308 
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of analysis is considerable lower for BSB (6 applications) in relation to that of the traditional ballast (17 309 

applications).  310 

 311 

Fig. 3. Evolution of SD of track irregularities (20 MGT) for TB and BSB, considering an SD limit of 2 312 

mm (after [23]). 313 

Figure 4 shows the evolution of ballast contamination over the period of analysis as well as the timing of the 314 

renewal activities to be carried out for BSB and TB. As it is possible to see from Fig. 4, the ballast 315 

contamination rate for the BSB solution is lower than that for the TB solution. Although for the period of 316 

analysis considered the number required of renewal activities is the same for both solutions, in the long-term 317 

the traditional ballast will require the application of a greater number of renewal activities comparatively to 318 

that of the BSB solution. The economic advantage of the BSB solution, also in the considered period of 319 

analysis, can be highlighted accounting for the salvage value.  320 

 321 

Fig. 4. Evolution of ballast contamination over the PAP as well as the timing of the renewal activities 322 

to be carried out for BSB and traditional ballast solutions, considering a 30% limit of particles passing 323 

the 22.4 mm sieve and a volume of traffic equal to 20 MGT. 324 
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4. Results and discussion 325 

Results of lifecycle cost analysis are reported in Fig. 5 where the evolution of the costs in the period of 326 

analysis of 60 years for TB and BSB is represented. As regard the total cost, despite a little increase of the 327 

construction cost of BSB and a substantially breakeven until to 30 years from construction, in the long term 328 

(40-60 years) the BSB solution appears more convenient than the traditional ballast. This result is mainly due 329 

to the reduced frequency of the minor and major maintenances of BSB for its durability and higher resistance 330 

to settlement. 331 

The evolution of the three components of the total cost (agency, user and externality) highlights how the 332 

agency cost of BSB, after an initial higher value, is always lower than TB agency cost for the period of 333 

analysis. This is obviously due to the reduced frequency of tamping and renewal needs. The difference 334 

between the agency costs of the two alternatives increases over time and at the end of the period of analysis 335 

the results show a saving for BSB of approximately 22%.  336 

337 
Fig. 5. Trend of costs in the period of analysis 338 

It worthy to note that the greater durability and geometric stability of BSB positively affect the routine 339 

maintenance on the rails and sleepers. By considering the entire track the economic benefits of BSB are 340 

probably higher than the ones estimated in this paper. 341 
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The trend of the user cost is affected by the assumption that user cost for tamping can be considered null 342 

since this activity usually is performed during non-operative time of the railway track, conversely it assumes 343 

a significant role for the renewal. In the present case (20 MGT and SD 2.00 mm) the user cost for the two 344 

solutions is null until the first renewal activity of TB. Starting from this time, user cost of TB is higher than 345 

the one of BSB. It is worthy to note that the user costs are significantly lower than the agency costs. 346 

The externality cost shows a value comparable to the one of the agency cost, but the trend is opposite. In the 347 

short and medium term, the externality cost of BSB is higher, albeit little, than the one of TB. A breakeven 348 

point can be observed at 37-th year (renewal), after the BSB externality cost is lower or equal. 349 

In Table 3 the percentage of the contributions to the total externality cost of each impact category is reported 350 

for construction, renewal and maintenance phases.  351 

 352 

Table 3 Contribution to the total externality of each impact category in all stages 353 

Impact categories Percentage of contribution to externality cost 

 
Cons/Renw Cons/Renw Tamping Tamping 

 
TB BSB TB BSB 

Climate change 3.38% 3.30% 1.69% 2.23% 
Fossil depletion 6.72% 7.70% 14.53% 23.71% 
Freshwater ecotoxicity 0.39% 0.41% 0.47% 0.72% 
Freshwater eutrophication 0.00% 0.00% 0.00% 0.00% 
Human toxicity 1.02% 1.09% 1.54% 2.17% 
Marine ecotoxicity 0.33% 0.38% 0.72% 1.15% 
Marine eutrophication 0.03% 0.03% 0.02% 0.02% 
Metal depletion 0.00% 0.00% 0.00% 0.00% 
Ozone depletion 0.00% 0.00% 0.00% 0.00% 
Particulate matter formation 0.71% 0.70% 0.40% 0.61% 
Terrestrial acidification 0.51% 0.51% 0.37% 0.55% 
Terrestrial ecotoxicity 0.02% 0.02% 0.02% 0.02% 
Urban land occupation 0.00% 0.00% 0.00% 0.00% 
Water depletion 78.66% 76.94% 67.08% 48.40% 
Primary energy demand 8.21% 8.91% 13.16% 20.43% 

 354 

From Table 3 it is possible to note that the major contributions are given by the following impact categories: 355 

climate change, fossil depletion, primary energy demand, and water depletion. 356 

To understand how the use of BSB technique affects the cost of environmental impacts, the two solutions 357 

have been compared in terms of incidence on the total externality cost related to construction and tamping 358 
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(renewal is neglected because considered similar to the construction stage), of the four main impact 359 

components (Fig. 6). 360 

It is possible to observe that climate change and the sum of all the other impact categories, exhibit low 361 

variations for both BSB and TB and for the stages of construction and maintenance, while notable 362 

differences can be appreciated when fossil depletion and water depletion are considered and energy demand. 363 

For these impacts the use of bitumen emulsion play a crucial role especially in tamping phase. Indeed, the 364 

use of bitumen emulsion originates a high level of impact on certain categories such as fossil depletion, 365 

marine ecotoxicity, human toxicity and freshwater ecotoxicity [41]. In the case of fossil depletion this 366 

contribution is more evident because the values of this impact is higher than the other impacts. 367 

During BSB construction, despite the use of bitumen, other resource, i.e. aggregates, and processes lead to an 368 

increase of water depletion, which is undoubtedly the main component of externality cost. 369 

 370 

Fig. 6. Contribution of the main impact categories to the externality cost associated to construction 371 

and tamping of TB and BSB 372 

3.1 Sensitivity analysis 373 

In this section a sensitivity analysis is proposed to evaluate the effects on life cycle costs of possible 374 

variation of certain input parameters. This analysis consists in the iteration of regular and independent 375 
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variations of each input variable (One-At-a-Time), keeping the other parameters constant [69]. Lifecycle cost 376 

have been evaluated varying the following input data: 377 

• standard deviation (SD): the limit value for this parameter can be different depending on the countries. 378 

Varying SD means that the acceptable track quality level changes and thereby the timing for minor 379 

maintenance activities. The sensitivity analysis has been carried out by considering two alternative values 380 

for the SD limit of 2.0 mm, precisely 1.5 mm and 3.0 mm [67]; 381 

• traffic load: cost estimations have been performed in this work considering 20 MGT (medium traffic) as 382 

initial traffic volume. The sensitivity of LCC results have been assessed considering two additional values 383 

10 MGT (low traffic) and 40 MGT (high traffic); 384 

• discounting rate: TPV, calculated with reference to a constant discount rate of 4%, has been further 385 

evaluated considering also 2% and 6%. These discounting rates have been assumed constant in the period 386 

of analysis. 387 

Results of sensitivity analysis are shown in Fig. 7. The percentage of gain (G/TPVTB), referred to the total 388 

cost, for BSB and TB, is illustrated by varying the values of the parameters considered (SD, MGT or r). The 389 

sensitivity of the gain to the variation of one parameter is evaluated considering the other parameters in their 390 

respective baseline conditions.  391 

The results displayed in Fig. 7 show that, regardless of the SD limit, traffic volume and discount rate 392 

considered, the adoption of a BSB layer always leads to the increase of the gain meaning that BSB is always 393 

more convenient than TB. For SD the benefits range between 10% and 13% for SD=1.5 mm and SD=2.0 394 

mm respectively. For traffic volume and discount rate the range of benefits are wider. More precisely, for 395 

MGT the gain percentage ranges between 3% in case of low traffic and 19% in case of high traffic. This 396 

result was expected because traffic affects significantly the degradation of the track and the evolution of 397 

track irregularities. This evolution is faster for TB than for BSB and consequently also the maintenance 398 

activities are more frequent for TB compared to BSB. Therefore, the higher the level of traffic the higher the 399 

gain obtained with the BSB. An opposite trend can be observed for the discount rate: the lower the 400 

discounting rate, the higher the percentage of gain. 401 
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 402 

Fig. 7. Relative variation of the percentage of gain at the end of the period of analysis 60 years 403 

(G/TPVTB)% arising from the use of BSB instead of TB for the three alternative SD, MGT and r 404 

limits considered. 405 

A discount rate of 2% produces a percentage of gain little higher than 20%, while a discounting rate of 6% 406 

leads to a lower gain percentage of 8%.  This result can be explained considering that the lower the discount 407 

rate the higher the present value of the future cash flows. In case of TB the future cash flows are higher than 408 

BSB due to the need of more maintenance interventions and associated economic burdens. High discount 409 

rate (6%) leads to decrease the percentage of gain for the same considerations: the impact of future expenses 410 

in the present value is lower because their higher discounting, consequently the gain associated to the BSB 411 

can decrease until 8%. 412 

 413 

5. Conclusions 414 

In this paper, the results of an economic evaluation of bitumen stabilized ballast (BSB) layer were presented 415 

and compared with those related to a traditional ballast layer (TB).  416 
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For this purpose, a LCCA-based model integrated with the results of LCA analysis have been defined and 417 

applied to a case study. 418 

Results of the analyses carried out considering a SD of 2.0 mm and a traffic level of 20 MGT highlight that:  419 

BSB technique, used since the construction stage and during the routine tamping, is substantially equal to the 420 

one of the traditional ballast in the short (20 years) ad medium term (40 years). The main advantage resulting 421 

from the use of BSB is related to long term analysis (between 40 and 60 years). This evolution of the total 422 

cost is the result of the two opposite contributions: the agency cost and externality cost. In fact, the agency 423 

costs are always lower for BSB, because of its higher resistance to settlement (SD limit is reached after) and 424 

durability (renewal is postponed because of the higher resistance of BSB to degradation). The difference of 425 

the agency present values of the two solutions increases when the period of analysis increases. On the 426 

contrary the externality cost is higher for the BSB in the short and medium term, while it is lower in the long 427 

term. This is due to the additional environmental burdens and related costs cause by the addition of the 428 

bitumen emulsion. Therefore, in the agency perspective the BSB technique appears sharply preferable if a 429 

standard LCC study is applied. The LCCA model proposed, accounting for the environmental costs, returns a 430 

comprehensive evaluation that resizes the economic benefit of BSB solution. However, this economic 431 

benefit depends also on the baseline conditions considered and particularly on SD, traffic volume and 432 

discount rate as highlighted by the sensitivity analysis. The level of traffic and the discounting rate affect 433 

notably the results. This last parameter is certainly the most critical in life cycle evaluation because of its 434 

uncertainty and difficult prediction. 435 

Disclaimer 436 

The contents of this paper reflect the views of the authors, who are responsible for the facts and the accuracy 437 

of the data presented. Any inclusion of manufacturer names, trade names, or trademarks is for identification 438 

purposes only and is not to be considered an endorsement. Moreover, this paper does not constitute a 439 

standard, specification, or regulation. 440 
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