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ABSTRACT
A standardized life cycle cost model for civil infrastructure assets is being expanded to include on the one hand, a damage model for un-

foreseeable damage caused by natural hazard processes, and on the other hand, to complement the limited information on asset age and 

condition to comprehensive data-validated condition and prediction models. Furthermore, standardized measures and costs, both on asset 

level and element level for each asset class, have to be established. The paper provides an overview on this Life Cycle Cost model (LCC-mod-

el) expansion and demonstrates its application on the asset class of rockfall protection nets. Furthermore, it is shown how the investment 

requirements can be optimised both for the entire asset class of rockfall protection nets as well as any given single asset.

INTRODUCTION
ÖBB-Infrastruktur AG operates the main railway infrastructure in Austria, with a rail network spanning approximately 5,000 kilometres and 

the aim to double the number of passengers by 2024 (ÖBB-INFRA, 2023). As this will largely be done on the existing rail network, this will 

result in an increase in train frequency and a simultaneous reduction in maintenance windows. The cost structure of the track network in 

operation typically consists of 60% depreciation and 40% maintenance costs. Therefore, the only economically and ecologically sensible 

option is to extend the technical service life of the railway systems at a minimum of planned and unplanned operational interruptions (Veit, 

2022). This can only be achieved through high-quality railway assets and proactive maintenance measures. Standardizing the management 

of protective structures against natural hazards with other track assets is crucial for minimizing life cycle costs (LCC) and downtimes of the 

railway network. This can be achieved by adopting the life cycle view, harmonizing intervention intervals, and adapting maintenance inter-

vals of protective structures to the service life of track systems which is usually 30 to 40 years or a multiple (OEBB-INFRA, 2022).

LIFE CYCLE MANAGMEMENT OF RAIL INFRASTRUCTURE ASSETS IN AUSTRIA
At ÖBB-Infra, the reinvestment requirement in general is determined based on the current condition of the assets and their deterioration 

behaviour. To ensure that reinvestment is consistent with a rolling financing plan, reinvestment announcements must be made, starting six 

years in advance with a general statement and becoming more detailed each year (Veit, 2022). As asset condition inspection intervals, which 

typically range between 3 to 6 years, are of the same order of magnitude or a part thereof, they can be used favourably as a control variable 

for the reinvestment requirement procedure.

Apart from adhering to the overall life cycle framework standards of ÖBB-Infra and various types of protective structures from different his-

torical periods, numerous other obstacles must be addressed for a scalable approach. Commencing with a meticulous condition evaluation 

based on five condition grades for all assets and their elements, both the impacts of ageing-induced deterioration and stochastic natural haz-

ard events must be considered. As a result, standardised maintenance, rehabilitation and replacement measures with their costs and impact 

on service life need to be established as fundamental components of the life cycle scheme for all asset categories. Furthermore, it is essential 

to consider the requirement for frequent expansions and structural adjustments in response to natural hazards dynamics. Lastly, all the com-

ponents of this asset management framework must be integrated into a database and software tool, facilitating intuitive and user-friendly 

management of these duties from condition survey to decision-making. This paper will present a brief introduction to the methodology and 

some chosen outcomes of this methodology.

OVERVIEW ÖBB-INFRA RAIL INFRASTRUCTURE ASSETS
As railway infrastructure holds significant public and economic importance in Austria, ÖBB-Infra provides a yearly network status report 

outlining the asset development, condition and age distribution, replacement values and investment needs. According to the 2022 report 

(ÖBB-INFRA, 2022) the replacement value of rail infrastructure assets amounts to 52.8 billion €, with the main shares being 31,7% civil 

structures (bridges, tunnels, retaining walls), 26,9% superstructure (railway track and ballast), 12,9% substructures (sub-ballast, subgrade, 

drainage as well as protective structures against natural hazards) and electrical assets (10.7%). The replacement value of protective structures 

against natural hazards has been estimated with 450 million € (0.9%), constituting a relatively minor, but yet highly significant asset class 

affecting the functionality and safety of the entire railway system (Hoffmann, M., Donev, V., Brauner, M. 2023).

The rail infrastructure operator ÖBB-Infra safeguards the functionality and safety of all track operations against natural hazards using protec-
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tive structures on approximately 25% of the rail-network. Table 1 presents an overview of 8,482 structures, including their quantity, planned 

average service life, and shares of assets with condition data. The analysis focuses on the asset stock of rockfall protection fences, which 

includes 613 assets with an allotted service life of 40 years. Condition data is available for at least 64% of rockfall protection fences and 70% 

of protective structures in general. Since the asset database has been restructured and expanded in 2020, raising the survey standards based 

on standardized manuals, the data sets are currently being updated and supplemented. Based on the 6-year inspection interval a compre-

hensive overview on the entire stock of more than 11.000 protective structures will be available by 2026. 

Table 1: Overview protective structures OEBB-Infra (2020)

Protective structures are susceptible to natural wear and degradation over time. The remaining life and actual condition are key factors for 

a determination and prediction of residual service life, asset value and reinvestment need. Information on asset age is available for approx-

imately 61.5% of all assets and 46.3% of rockfall protection fences up to now.

LIFE CYCLE APPROACH TO CIVIL ENGINEERING STRUCTURES PROTECTION AGAINST NATURAL HAZARDS
As the information on asset age is significantly censored and failed assets are primarily replaced, the median age of assets with condition 

data serves as an initial approximation of 50% of service life ("rule of halves"). According to Figure 1 the median age of all assets is ap-

proximately 38 years which results in an estimated service life of 2x38=76 years is considered relatively high when compared to planned 

average service life from Table 1, ranging between 40 and 80 years. This is due to the over-ageing of certain asset categories, which account 

for approximately 20% of assets that are between 80 and 120 years old. Regular maintenance activities involving partial replacement of the 

facility, which were not explicitly indicated in the database may be the reason.

Figure 1: Age distribution of protective structures (2020) 
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The shorter estimated service life of 16x2=32 years for protection fences can be attributed to failures caused by events and regular asset 

replacement as the development-cycle of these protective systems made significant progress in the last decades. Further analysis of the 

condition data regarding the surviving rockfall protection fences is available in Figure 2. Upon normalizing the data and excluding rockfall 

protection fences without age or condition information, notable renewal phases with between 0 to 60, 60 to 80 and 80-100 years and within 

them a clear degradation trend is observable. It must be mentioned that this asset group includes modern dynamic rockfall kits as well as 

older static nets and steel-cable-fences with a limited retention capacity in their 4th to 5th replacement circle. 

Figure 2: Age and condition of rockfall protection fences (2020) 

A life cycle cost analysis is based on costs and timing of investments and interventions, their impact on condition development, service 

life and residual asset value as well as a comparison of annual costs for investment alternatives. The following description of the life cycle 

model can be found in detail in the publication Hoffmann, M., Donev, V., Brauner, M. (2023). The top-left graph of Figure 3 presents the 

cost development for a replacement strategy after 20 years with one replacement to achieve a service life of 40 years (Option #1). Addition-

ally, the cost development of a rehabilitation measure after 15 years considering a reduced service life of 30 years is illustrated (Option #2). 

Equation 1 illustrates the total costs of each option during service life. Equation 2 can be used to discount the accumulated total costs at a 

given interest rate of p for the time of decision (present value). 

For comparing investment options with different service life, a calculation of the annual costs according to equation 3 is necessary with the 

optimal solution yielding minimal annual cost as illustrated in the upper right depiction. For the given example, option #1 yields 5 units 

annual costs, while measure option #2 yields 4.33 units, therefore being the better solution. The total savings of option #2 compared to 

option #1 is shaded and can be calculated based on the sum of the difference of the annual costs of the provided options. The condition 

performance for both options is provided on the lower left being based on a power function allowing for a progressive (β >1), degressive 

(β >1) and linear condition performance being typical for the given asset class (Equation 4). 

With a maximum asset value of 100 units (new) a linear depreciation over time until failure with a remaining asset value of 0 units is chosen 

(lower right). With a replacement strategy in year 20 the asset value will be up to 100 units (option #1). Alternatively, option #2 considers a 

reinvestment at time 15 increasing asset value by 30 (rehabilitation costs) as well as 20 (savings #1 versus #2). Equation 5 allows to calculate 

the remaining service life tr,k, and Equation 6 provides the remaining asset value Vt,k at time tr,k, with the interest rate p. Including the 

savings due to a timely intervention will allow to keep track of potential losses without predictive preventive maintenance actions.
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Figure 3: Standardized life cycle with total & annual costs, condition, and residual life/value

As previously mentioned, for some assets neither age, nor condition is known. For other assets either age or condition is known or both. 

In the traditional investment analysis with a case-by-case approach and without any predictive maintenance and budgeting such a limit-

ed information is of little consequence. However, for a systematic asset management and predictive maintenance an adaptive approach 

allowing to incorporate all available information is needed. Figure 4 illustrates the condition-performance prediction function depending 

on the available information from periodic condition assessment and asset element age. It is important to note the significance of these 

parameters and their impact on the overall function. The parameters β0 (intercept), b1 (scale) and b2 (shape) determine the condition-per-

formance-function that can be set based on a first estimation and with sufficient available data based on regression analysis of the condition 

degradation with increasing asset age. 

Figure 4: Condition prediction of assets based on available data on age and condition surveys

Furthermore, the condition performance model (figure 3) has to account for the randomness of events from natural hazards causing instant 

asset degradation. Figure 5 therefore provides an overview on the process for prediction and calibration of event occurrence, event extent 

and event impact center. With systematic records of actual events based on this process it is also possible to calibrate the probability distri-

butions based on statistical analysis of their frequency.

Figure 5: Condition prediction based on event occurrence probability, extent and point of impact
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EXAMPLE ROCKFALL PROTECTION FENCES
The extended standardized life cycle and asset management approach is demonstrated on the asset class of rockfall protection nets for all 

613 protective nets for the period from 2020 to 2070. Figure 6 on the upper left shows the condition distribution without any measures and 

on the upper right with rehabilitation measures under the precondition of no failures or immediate replacement after reaching condition 

grade 5 between 2020 and 2026. The resulting annual investment needs to achieve these results are provided on the lower left, whereas 

the residual asset value of the entire stock with and without measures is provided on the lower right. The cumulative impact of stochastic 

events can be considered as well in the calculations, but is not included yet. However, as the events are the main cause of (premature) 

failure of protective nets, the calibration of event occurrence probability and impact on condition will be crucial for an accurate estimation 

of investment needs with subsequent condition distribution and residual asset value.

Figure 6: Condition & cost prediction protection fences no/with measures (no events, network level). Condition grade 1: full protection capacity, 2: full protection capacity, minor mainte-

nance, 3: full protection capacity, maintenance/long term replacement, 4: slightly reduced protection capacity, short term replacement, 5: no protection capacity, immediate replacement.

RESULTS AND DISCUSSION
The proposed LCC-model can also be applied in more detail on asset level considering all elements being illustrated for a single, aver-

age-sized protective net in a 50-year period. Figure 7, on the top left, shows the simulated random events with partial replacements in the 

years 9/19/39 and optimized measure types and costs on the top right. The resulting condition deterioration and residual asset value are 

given on the lower left and lower right. Without intervention, the condition of the equipment deteriorates progressively, resulting in a rapid 

decline in residual value. The analysis shows that the condition deteriorates approaching zero after 18 years, making frequent reinvestments 

necessary either due to ageing or event-based effects in order to provide their protective function at all times.

Figure 7: Condition & cost prediction single protection fence (with events, asset level). Event extent & type. Type 1 results in clearance only, type 2: clearance + maintenance, type 3: partial 

replacement, type 4: full replacement. Condition deterioration: 0% ~ condition grade 1, 50% ~ grade 3, 90% ~ grade 4,5 and 100% represent grade 5.

CONCLUSIONS
A comprehensive asset management is the key for achieving a reliable rail network with a high level of availability and punctuality. The 

developed life cycle cost model extends existing approaches to protective structures enabling efficient investments in protective structures 

against natural hazards based on periodic surveys and predictive maintenance. As demonstrated a comprehensive understanding of the age 
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structure, condition prediction and measure selection is crucial. Equally important is a differentiated analysis of the continuous, i.e., planned 

degradation of the structure, as well as unpredictable damage events due to natural hazard processes. It is therefore important to provide a 

proper historical documentation of all assets, their condition and prior reinvestment actions, to ensure accurate integration into accurate life 

cycle models. Otherwise, maintenance action or partial asset replacement, which is not properly documented or indicated in the asset-da-

tabase may lead to overestimation of service life or underestimation of asset deterioration. Furthermore, the proper calibration of the event 

distribution of natural hazard damages is a key requisite. 

Currently, this life cycle approach is extended and calibrated for other types of protective structures, acting as a reference for investment 

decisions and future developments of the asset management in ÖBB-Infrastructure AG.
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