
D 3.8 
 

DELIVERABLE 

 

PROJECT INFORMATION 

Project Title: Systemic Seismic Vulnerability and Risk Analysis for 
Buildings, Lifeline Networks and Infrastructures Safety Gain 

Acronym: SYNER-G 

Project N°: 244061 

Call N°: FP7-ENV-2009-1 

Project start: 01 November 2009 

Project end: 31 October 2012 

 

DELIVERABLE INFORMATION 

Deliverable Title: D3.8 - Fragility functions for railway system elements 

Date of issue: 31 May 2011 

Work Package: WP3 – Fragility functions of elements at risk 

Deliverable/Task Leader: Norwegian Geotechnical Institute (NGI) 

Reviewer: Vienna Consultant Engineers (VCE) 

 

REVISION: Final 

 

 Project Coordinator:
Institution:

e-mail:
fax:

telephone:

Prof. Kyriazis Pitilakis 
Aristotle University of Thessaloniki 
kpitilak@civil.auth.gr 
+ 30 2310 995619 
+ 30 2310 995693 





 

 i 

 

Abstract 

This deliverable provides the technical report on the assessment of fragility functions for 
railway network elements. The following network components are considered: tunnels, 
embankments, trenches, slopes, tracks, bridge abutments. This deliverable comprises four 
parts. A short review of past earthquake damages on railway elements is provided in the first 
part, including the description of physical damages, the identification of main causes of 
damage and the classification of failure modes. The following two parts deal with the 
identification of the main typological features of railway components and the general 
description of existing methodologies, including damage states definitions and intensity 
measures. The fragility functions are mainly based on those that are proposed for the 
roadway elements (Deliverable 3.7). For tunnels the same fragility curves are proposed as 
for the roadway network. For embankments, trenches and abutments, the results of the 
numerical analyses of the corresponding roadway elements are used. In particular, new 
fragility curves are developed, considering appropriate threshold values for the definition of 
damage states. In case of tracks and slopes, new fragility curves are proposed. Finally, the 
proposed vulnerability functions are summarized.  

Keywords: fragility functions, vulnerability, railway, tunnels, embankments, trenches, slopes, 
tracks, abutments. 
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1 Introduction 

In the framework of Work Package 3 – Fragility functions of elements at risk – and Task 3.3 
(Fragility of elements within transportation infrastructures), the aim of this deliverable is to 
discuss and propose fragility curves and improved methods to assess the seismic 
vulnerability of railway elements, applicable to the specific European context. Following the 
SYNER-G taxonomy for the railway network (Deliverable 2.1), the following components are 
considered: 

o RWN01 Bridges (they are covered under subtask 3.3.1, Deliverable 3.6) 

o RWN02 Tunnels 

o RWN03 Embankment (track on) 

o RWN04 Trench (track in) 

o RWN05 Slope (track on) 

o RWN06 Tracks (ground failure) 

o RWN07 Bridge abutments 

o RWN08 Stations (they are covered under Task 3.1, Deliverables 3.1 and 3.2: 
Fragility functions for common RC and masonry buildings in Europe) 

The present report reviews the damages sustained by railway elements during past 
earthquakes. Different failure modes are identified and classified respectively. The 
description of the European typology for the different components is performed. A review of 
existing methodologies for the vulnerability assessment of railway elements is followed, 
together with a short description of some key parameters such as damage states scales, 
intensity measures and relation between damage and serviceability / functionality for each 
component. 

Finally, based on the review of state-of-the-art fragility curves for each component, existing, 
improved or new fragility functions for the individual components are proposed along with 
their coding and digital description. For the proposed vulnerability functions, the following 
parameters are provided: 

o Typology classification of each component. 

o Damage scale definition. 

o Intensity measure (IM). 

o Fragility curve parameters, for each damage state and each typology. 
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2 Past earthquake damages on railway elements  

The experience of past earthquakes reveals that the railway elements are quite vulnerable, 
while the damages can seriously affect the transportation of products and people in both 
short- and long- term periods. Damage from earthquakes occurs through several 
mechanisms. Surface displacements across the fault rupture can directly damage facilities 
that cross the rupture or, if under the ocean can cause tsunamis. Shaking from seismic 
waves can derail cars and locomotives, can directly damage structures, can produce 
permanent ground movements related to liquefaction and landslides and can cause 
damaging floods from dam failures (Byers 2004). 

Since earthquake intensity depends on both the distance from the fault rupture and local 
conditions as well as the magnitude and depth of the earthquake, the extent of railroad 
damage is only indirectly related to the characteristics of the earthquake. However, some 
trends are apparent in the characteristics of damaging earthquakes as it shown in fig. 2.1. 

 
Fig. 2.1 Severity of railroad damage related to magnitude and depth of 60 damaging 

earthquakes (Byers 2004). 

A general and brief description of railway network damages during strong earthquakes 
worldwide is given herein: 

Kobe (Japan), 17/1/1995, M=7.9. (NIST 1996) 

The earthquake damage to Shinkansen was extensive. The Tokaido line and the Sanyo line 
were both damaged. The Sanyo line had several locations with collapsed structures. 
Damages include platform offset, deck offsets of superstructures, damaged columns, 
collapse of elevated structures, tilting of retaining walls, damage or collapse of underground 
stations. 
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Chi-Chi (Taiwan), 21/9/1999, Μ=7.6. (MCEER 2000; EERI 2001) 

Settlement and buckling of railway traks due to liquefaction and fault displacement (up to 
1m). Extensive damages to tracks due to landslides. One main bridge and other secondary 
ones sustained damages, minor cracks  (20mm) observed in one  tunnel. The undamaged 
network was out of function for 10 days because of electric power interruption. The damages 
were repaired within 17 days to 6 months. 

Kocaeli (Turkey), 17/8/99, M=7.4. (Erdik 2000; Byers et al. 2000) 

The railway system was mainly affected where the surface fault rupture zone crossed the 
tracks. The damaged railroads were repaired within three days. At the fault crossing near 
Arifiye, the tracks of the main railroad between Ankara and Istanbul were damaged. The 
tracks were distorted to an “S” shape by the fault offset at the Tepetarla station damaging 
about 200m section of the railroad. At another locations, extensive ground deformations 
(near Kurtkoy) and tension caused misalignment. One train power substation had minor 
damage, but power was quickly restored using adjacent substations. The Istanbul Terminal 
station sustained minor damage. A passenger car manufacturing shops at Adapazari was 
almost totally collapsed. Eventhough there are 181 bridges longer than 4m located within 
80km of the epicentre, the earthquake did not cause any damage to them. Of the 29 tunnels 
within 80km of the epicentre, five displayed older cracks, which were widened due to the 
earthquake. 

Niigata-ken Chuetsu (Japan), 23/10/2004 M=6.6. (Aydan 2004) 

The earthquake inflicted heavy damage to Kanetsu Expressway and Hokuriku Shinkansen 
Line and Joetsu railway line, including the derailment of one car of Shinkansen. In most 
cases, damage to the railway was also a consequence of landsliding particularly in the 
mountainous area and along Shinano River and its streams. Minor damage was evident in 
some of the Shinkansen viaducts and bridges: buckling of the longitudinal reinforcement and 
subsequent spalling of concrete, buckling and/or bending of the rail due to landslide or 
liquefaction, and failure of column tops. Severe damage occurred in the Shinkansen 
Uonuma tunnel, with man-size concrete block falling from the crown and large vertical 
deformation of the tracks concrete base. The damage to Joetsu local line was quite 
extensive in the epicentral region. The damage to the railway line was mostly associated 
with the lateral spreading of ground, the failure or settlement of embankments and slope 
failure Some structural damage was associated with the poles of pantographs, which were 
settled, buckled or broken. The rails were bended or buckled due to lateral spreading of 
ground. 

Niigata - Chuetsu Oki (Japan), 16/7/2007, M=6.6. (Kayen et al. 2007) 

Damage to railways was caused by landslides, settlement of foundation soils, spreading and 
slumping of railway embankments, and in some cases, damage was observed at sites 
without apparent ground failure presumably due to transient ground shaking. Some damage 
occurred to trains carrying passengers at the time of the earthquake. A large landslide at the 
Oumigawa Train Station on the JR Shinetsu line overran the tracks, damaging both the 
tracks and related infrastructure at the station. Damage to other rail lines and stations was 
scattered throughout the region. Liquefaction at Arahama Station caused significant damage 
to rail infrastructure, including the platform and power lines. Horizontal track offsets of 30 cm 
were observed in the tracks at Arahama Station. It is surmised that surface wave effects may 
have contributed to the rail deformations observed at this site. Numerous other rail 
disruptions due to foundation settlement and permanent ground deformations were 
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observed. In most cases the deformations were minor, yet significant enough to preclude rail 
traffic. 

Chile, 27/2/2010, Μ=8.8. (Bray and Frost 2010) 

The most common failure was associated with embankment loss of stability due to ground 
shaking, loss of rail alignment, and unseated railroad bridges. Nevertheless, in most cases 
the damage appeared to be limited and repairable, indicating good railroad performance 
despite the strong shaking that affected the region. 

In the following, the possible types of damages are classified for each railway element, while 
representative examples are given. 

2.1 TUNNELS  

Earthquake effects on underground structures can be grouped into two categories: 1. ground 
shaking; and 2. ground failure such as liquefaction, fault displacement, and slope instability. 
Ground shaking refers to the deformation of the ground produced by seismic waves 
propagating through the earth’s crust. The major factors influencing shaking damage 
include: 1. the shape, dimensions and depth of the structure; 2. the properties of the 
surrounding soil or rock; 3. the properties of the structure; and 4. the severity of the ground 
shaking (Hashash 2001). Three types of deformations express the response of underground 
structures to seismic motions: 1. axial compression and extension (fig. 2.2 a, b). 2. 
longitudinal bending (fig. 2.2 c, d) and 3. ovaling/racking (fig. 2.2 e, f).  

Several types of damages can occur when an underground structure is subjected to a 
seismic event. Typical earthquakes induced damages are (Corigliano 2007): 

o slope instability leading to tunnel collapse 

o portal failure 

o sheared off lining along intersecting faults or at contact between formations with 
different stiffness 

o roof or wall collapse 

o falling and failure of the tunnel lining or in unlined sections 

o invert uplift 

o spalling of the concrete lining 

o cracking of the concrete lining (with longitudinal, transversal or inclined cracks) 

o crushing of the concrete lining 

o slabbing or spalling of the rock around the opening 

o bending and buckling of reinforcing bars 

o wall deformation 

o local opening of joints and obstruction of the opening 

o opening deformations 

Figure 2.3 shows damage features in tunnels during the 1995 Kobe earthquake, while in 
figure 2.4 overall damage observations are given. 
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Fig. 2.2 Deformation modes of tunnels due to seismic waves (after Hashash 2001). 

 

  
Fig. 2.3 Damages in Rokko tunnel and Kobe Rapid Transit Railway during the 1995 

Kobe earthquake (Power et al. 1998). 
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Fig. 2.4 Distribution of damages to bored tunnels due to ground shaking as a function 

of PGA and lining type (Power et al. 1998). 

2.2 EMBANKMENTS  

Embankments are often constructed on liquefaction-susceptible loose sandy deposits. Since 
the foundation soil loose its bearing capacity due to static and dynamic loading, the 
embankment sinks down and usually spreads laterally at the same time. The result is the 
subsidence or sliding of embankment (from few centimetres to many meters) and opening of 
cracks which cause the movement of the railway tracks (fig. 2.5, 2.6). Damages to 
embankment can be classified in four types as shown in figure 2.7.  

According to Ikehara (1970), the factors that are closely related to damage of railway 
embankments are: i) age of the embankment including the method of construction, ii) height, 
iii) topographical condition, including the shape of the embankment. 

 

Fig. 2.5  Lateral spreading of railroad 
embankment during the 2001, Nisqually 

(US) earthquake 

Fig. 2.6 Rail deformation due to subsidence 
of embankment in Hitachinaka during the 

2011 East Japan (JP) earthquake 
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I. Slope surface flow slide. Failure occurs along a sliding plane nearly parallel to the slope 

surface 

   
II. Slope failure of embankment. Slip surface within the body of embankment or slip surface 

reaching the soft foundation soil. 

 
III. Vertical cracking of embankment (slumping). Several large cracking nearly parallel to the 
axis of the embankment. Slope displaces down-ward stepwise and the base width widens 

 
IV. Subsidence of embankment on extremely weak subsoils, as a result of densification due to 

severe shaking. 

Fig. 2.7 Classification of damages to railway embankments (Ikehara 1970; Towhata 
2008).  

2.3 TRENCHES AND SLOPES 

Earthquake induced landslides can cause the partial or complete blockage of the railway 
track as well as the structural damage of the roadbed. In addition to the types of damage 
observed in embankments, tracks in trenches and on slopes are subjected to failures of the 
slopes with sides of the track (fig. 2.8, 2.9). 
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Fig. 2.8  Damage to JR rails due to 

landsliding during the 2004 Niigata-ken 
Chuetsu earthquake (JP) earthquake. 

Fig. 2.9 Landslide at Oumigawa Train 
Station impacted Shin-etsu line railway 

during the 2007 Niigata Chuetsu-Oki (JP) 
earthquake (Kayen et al 2007). 

2.4 RAILWAY TRACKS 

The possible damages to railway tracks can be due to: 

- Fault rupture (fig. 2.10). 

- Compression/axial strain of the ground (fig. 2.11, 2.12, 2.13) 

- Soil liquefaction (settlement, lateral spreading) (fig.). 

- Slides or rockfalls (see trenches and slopes). 

- Collapsed signal, electricity or communication facilities (fig.2.15). 

Track damage in past earthquakes ranged from displaced ballast without other track 
disturbance to broken ties, pulled apart joints, broken rails, buckled track, lateral 
displacement of up to several meters and loss of vertical support for track over appreciable 
distances. Signal systems have suffered limited damage in relatively low magnitude 
earthquakes due to broken batteries, overturned electrical relays and wrapped wires in pole 
lines. Such damage is often highly disruptive but can be quickly repaired. Similar damage 
occurs in larger earthquakes together with more extensive damage such as broken signal 
masts (Byers 2004). 
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Fig. 2.10 Damaged roadbed due to the fault 
offset along the North Anatolian fault 

during the 1999 Kocaeli (TR) earthquake. 

Fig. 2.11 Lateral deformation of tracks at 
Arahama during the 2007 Niigata Chuetsu-

Oki (JP) earthquake (Kayen et al 2007). 

 

Fig. 2.12 Buckling of the south track of 
Kato Achaia Train Station during the 2008, 

Achaia-Ilia (GR) earthquake due to 
compression of the ground in the direction 

of the rail (Margaris et al. 2008). 

Fig. 2.13 Damage to railway tracks between 
Izimit and Arifiye during the 1999 Kocaeli 

(TR) earthquake. One track remains 
perfectly straight while the other was 

damaged by axial strain (Byers et al. 2000)

  
Fig. 2.14  View of the derailed bullet 

(Shinkansen) train during the 2004 Niigata 
ken Chuetsu (JP) earthquake (Aydan 2004)

Fig. 2.15  Damage of Joetsu line track 
facilities associated with ground failures 
during the 2004 Niigata ken Chuetsu (JP) 

earthquake (Aydan 2004). 
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2.5 BRIDGE ABUTMENTS  

If approach fills alongside bridge abutments have not been adequately compacted during 
construction, they are vulnerable to damage from earthquake-induced differential settlement 
(fig. 2.16). These differential settlements are often localized due to the rigidity of the 
abutment wall, and the difficulty in manipulating large compactors near walls (Werner et al. 
2006).  

Backfill

Bridge deck

Subsidence 

 
Fig. 2.16 Settlement of behind a bridge abutment. 
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3 Methodology for the vulnerability assessment of 
railway elements 

3.1 IDENTIFICATION OF THE MAIN TYPOLOGIES 

3.1.1 Tracks 

The track is a fundamental part of the railway infrastructure; consists of elements with 
different elasticity that transfers static and dynamic loads to the foundation soil.  The 
classical railway track consists of a flat framework made up of rails and sleepers which is 
supported on ballast. The ballast bed rests on a sub-ballast layer which forms the transition 
layer to the formation. The rails and sleepers are connected by fastenings (fig. 3.1). These 
components and other structures such as switches and crossings are all considered as part 
of the track. 

  
Fig. 3.1  Principle of track structure: cross (left) and longitudinal (right) section 

(Esveld 2001) 

The substructure consists of three main elements; the formation, the sub-ballast and the 
ballast. The formation is the ground upon which the track will be laid. It can be the natural 
ground level or "grade" or it can be an embankment or cutting.  Ballast is provided to give 
support, load transfer and drainage to the track and thereby keep water away from the rails 
and sleepers.  

The usual track form consists of the two steel rails, secured on sleepers (ties) so as to keep 
the rails at the correct distance apart and capable of supporting the weight of trains. 
Sleepers material could be wooden, steel, concrete, twin block. 

3.1.2 Soil classification 

Railway elements are attributed as earth structures, therefore a main typological feature is 
the soil type, which constitutes either a construction or foundation and surrounding material. 
Different soil classification systems are available, based on various soil properties. A widely 
accepted and applied classification scheme is the one provided by Eurocode 8 (EC8 2004). 
It is based on the range of shear wave velocity (Vs30) values (table 3.1). 
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Table 3.1  Classification of soil according to EC8 (2004). 

 

3.1.3 Tunnels 

Large-diameter tunnels are linear underground structures in which the length is much larger 
than the cross-sectional dimension. The basic parameters for the description of their 
typology are: 

o the construction method (bored or mined, cut-and-cover, immersed),  

o the shape (circular, rectangular, horseshoe etc, fig. 3.2),  

o the depth (surface, shallow, deep),  

o the geological conditions (rock, alluvial),  

o the supporting system (concrete, masonry, steel etc). 
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. 

Fig. 3.2 Cross sections of tunnels (Hashash et al. 2001) 

3.1.4 Embankments, Trenches and Slopes 

The main typological features considered in this project are the geometrical parameters of 
the construction (i.e. slope angle, height). These elements are mainly presented in non 
urban networks. 

3.1.5 Bridge abutments 

The main typological features are the depth and the soil conditions of foundation and fill 
material behind the abutment. The depth is dependent on the surrounding topography and 
bridge abutment geometry, while the fill material behavior depends on its compaction level. 
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3.2 GENERAL DESCRIPTION OF EXISTING METHODOLOGIES 

3.2.1 Fragility curves 

Fragility curves constitute one of the key elements of seismic probabilistic risk assessment. 
They relate the seismic intensity to the probability of reaching or exceeding a level of 
damage (e.g. minor, moderate, extensive, collapse) for each element at risk. The level of 
shaking can be quantified using numerous earthquake parameters, including peak ground 
acceleration, velocity, displacement, spectral acceleration, spectral velocity or spectral 
displacement. Fragility curves are usually described by a lognormal probability distribution 
function (Eq. 1): 

                  ( ) ⎥
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⎟⎟
⎠

⎞
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⎝

⎛
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β

         Eq.1 

where Pf (·) is the probability of being at or exceeding a particular damage state, ds, for a 
given seismic intensity level defined by the earthquake parameter, S (e.g. Peak Ground 
Acceleration-PGA), Φ is the standard cumulative probability function, Smi is the median 
threshold value of the earthquake parameter S required to cause the ith damage state, and 
βtot is the total lognormal standard deviation. Therefore, the development of fragility curves 
according to Eq.1 requires the definition of two parameters, Smi and βtot. Different 
approaches can be used to define the fragility curves: empirical, judgemental, analytical, 
hybrid. 

3.2.2 Empirical approach 

Empirical fragility curves are based on past earthquake surveys and require the collection of 
post-earthquake damage statistics at sites with ground conditions for a wide range of ground 
motions. This approach is the most straightforward one as it directly takes into consideration 
soil-structure interaction effects, topography, site, path and source characteristics. However, 
relationships between ground motion and damage are typically based on very few damage 
surveys carried out for single locations or earthquake events. Consequently the curves are 
specific for a particular site since they derive from specific seismo-tectonic and geotechnical 
conditions and property of the structures (Rossetto and Elnashai 2003). In order to use the 
empirical vulnerability curves with confidence, it is necessary that the data cover a wide 
range of ground motions, soil types and element typologies. In practice, this is only 
achievable through the combination of data from different earthquakes and locations. 
However, due to the limited number of large magnitude earthquake events near densely 
populated areas, the observational data used for the curve generation tend to be scarce and 
highly clustered in the low-damage, low ground-motion severity range. This leads to large 
uncertainties being associated with their use in large magnitude events (Rossetto and 
Elnashai, 2003). As an example, empirical fragility curves are proposed by the American 
Lifelines Alliance (ALA 2001) and Corigliano (2007) for tunnels and by Maruyama et al. 
(2010) for highway embankments. 
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3.2.3 Expert judgement approach 

Judgement fragility curves are based on experts’ opinions and experiences. This implies that 
they are very versatile and relatively fast to derive, but they do not have scientific basis and 
their reliability is questionable because of their dependence on the individual experience of 
the experts consulted (Corigliano 2007). The ATC13 (ATC 1985) fragility curves for tunnels 
and roads/tracks were obtained from expert judgment. The HAZUS (NIBS  2004) fragility 
curves for roads/tracks and tunnels are also based on expert judgment and ATC13 
information. 

3.2.4 Analytical approach 

Analytical fragility curves adopt damage distributions simulated from the analyses of 
structural models under increasing earthquake loads as their statistical basis. Analyses can 
result in a reduced bias and increased reliability of the vulnerability estimate for different 
structures compared to expert opinion (Rossetto and Elnashai, 2003). Analytical approaches 
are becoming ever more attractive in terms of the ease and efficiency by which data can be 
generated, but have not yet been fully exploited to the limits of their potential. As an 
example, analytical fragility curves for tunnels have been proposed by Argyroudis (2010). 

A general procedure that is followed in this report for the derivation of analytical fragility 
curves for railway elements is described in fig. 3.3. The effect of soil conditions and ground 
motion characteristics in the global soil-structure response is taken into account by using 
different typical soil profiles and seismic input motions. The response of the free field soil 
profiles is calculated through a 1D numerical analysis, for an increasing level of seismic 
intensity. The response of the soil-structure is calculated through a 2D numerical analysis, 
which can be full dynamic or quasi static. This approach allows the evaluation of fragility 
curves considering the distinctive features of the geometries, input motion and soil. 

 

Fig. 3.3 General procedure for deriving numerical fragility curves for railway elements. 

The level of railway element damage is described by a damage index expressing the 
exceedance of certain limit states and the fragility curves are estimated based on the 
evolution of damage index with the increasing earthquake intensity, considering associated 
uncertainties. An example is given in fig. 3.4, where the different points indicate the results of 
analysis in terms of damage index for different levels of earthquake intensity. The solid line 
is produced based on a regression analysis and the median threshold value of the intensity 
measure required to cause the ith damage state is estimated based on the definition of 
damage index. 

A lognormal standard deviation (βtot) that describes the total variability associated with each 
fragility curve has to be estimated. Three primary sources of uncertainty are considered 
(NIBS 2004), namely the definition of damage states (βds), the response and resistance 
(capacity) of the element (βC) and the earthquake input motion (demand) (βD). The total 
variability is modeled by the combination of the three contributors, assuming that they are 
statistically independent and lognormally distributed random variables (Eq.2):   

  222
tot DCDS ββββ ++=                                                     (Eq. 2) 
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Due to the lack of a more rigorous estimation, the uncertainty parameters can be obtained 
from the literature (e.g. HAZUS, NIBS 2004). However, the last source of uncertainty, 
associated with seismic demand, can be described by the standard deviation of the damage 
indices that have been calculated for the different input motions at each level of PGA. 

Intensity Measure
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x 1

ln IM (dsi)

ln DI 
(dsi)

β

β

 
Fig. 3.4 Example of evolution of damage with earthquake intensity measure and 

definition of threshold median value for the damage state i. Definition of standard 
deviation (βD) due to input motion (demand). 

 

3.2.5 Hybrid approach 

Hybrid fragility curves combine data from different sources in order to compensate for the 
scarcity of observational data, subjectivity of judgemental data and modelling deficiencies of 
analytical procedures (Rossetto and Elnashai 2003). Hybrid models can be particularly 
advantageous when there is a lack of damage data at certain intensity levels for the 
geographical area under consideration.  

3.3 DAMAGE STATES 

There is a lack of available damage criteria for railway elements. The reader is referred to 
D3.7 (Fragility functions for roadway system elements) where the damage states for 
roadway elements are described, as certain components have similar response (e.g. 
tunnels). In RISK-UE methodology (Argyroudis et al. 2003) four damage states are defined 
(None; Minor; Moderate; Extensive/Complete) for tracks, mainly based on HAZUS approach 
(NIBS 2004) (table 3.2). 
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Table 3.2 Railway tracks damage classification (RISK-UE approach). 

Serviceability Damage 
States 

Direct damages 

Closed to traffic. Replacement of 
track‘s segments is required. 
Duration of closure depends on 
length of damaged lines. 

Extensive/ 
Complete 

Major differential settlement of the 
ground resulting in potential derailment 
over extended length. 

Closed to traffic. Local repairs or 
replacement of tracks is required. 

Moderate Considerable derailment due to 
differential settlement or offset of the 
ground. 

Operational after inspection or 
short repairs. 

Μinor Minor (localized) derailment due to 
slight differential settlement of 
embankment or offset of the ground. 

Fully open. None / 
 

The following damage states are proposed and used in this project (table 3.3) described with 
the induced permanent ground displacement (PGD) of the railway element. In particular, a 
mean value of PGD is estimated for minor, moderate, and extensive/complete damage 
based on a range (min, max) of values. The mean value for minor damage corresponds to 
the upper alert and intervention limit in the longitudinal level of the track as it is described in 
European Standards for Track Geometric Quality (DIN EN13848-1, 2008). The other values 
are based on expert judgment. For the Extensive/Complete damage state a maximum 
values is described here in order to define the fragility curves based on the results of 
numerical analyses. However, higher values can be also observed. 

 

 

Table 3.3 Definition of damage states for railway elements in SYNER-G. 

 Permanent Ground Displacement (m) 
Damage State min max mean 

ds0. None 0.00 0.01 0.005 
ds1. Minor 0.01 0.05 0.03 

ds2. Moderate  0.05 0.10 0.08 
ds3. Extensive/ Complete 0.10 0.30 0.20 

3.4 INTENSITY MEASURES (IM) 

A main issue is the selection of appropriate earthquake intensity parameter that best 
captures the response of each element and minimizes the dispersion of that response. This 
is also related to the approach that is followed for the derivation of fragility curves. For 
example as the empirical curves relate the observed damages with the seismic intensity, the 
latter is better described based on records of seismic motion, and thus PGA or PGV are 
more suitable IMs. On the other hand, the spatial distribution of PGA values is easier to be 
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estimated through simple or advanced methods within a seismic hazard study of a certain 
area. Therefore it is more feasible to base the vulnerability assessment of a wide network 
due to ground shaking on PGA values, especially when multiple seismic sources are 
employed. When the vulnerability of railway elements due to ground failure is examined (i.e. 
liquefaction, fault rupture, landslides) permanent ground displacement (PGD) is the most 
appropriate IM. Further information on this issue is given in the deliverable D2.12 (Efficient 
intensity measures for components within a number of infrastructures).  

The methodology presented in this report for the development of analytical fragility curves 
due to ground shaking uses PGA as the IM.  

3.5 PERFORMANCE INDICATORS (PI) 

As it is described in the general methodology of SYNER-G (Deliverable D2.1), its ultimate 
goal is to assess the performance of the infrastructure and all its systems and components, 
when subjected to a seismic hazard. The quantitative measure of this performance is given 
by Performance Indicators (PIs), that express numerically either the comparison of a 
demand with a capacity quantity, or the consequence of a mitigation action, or the 
assembled consequences of all damages (the “impact”). The performance of railway system, 
in a component level, can be described through the functionality of the track due to different 
damage levels. A general scheme is given in table 3.4 where three levels of functionality are 
described (fully functional, functional but with speed restrictions, not functional/closed).  

 

 

 

 

Table 3.4 General proposal for the functionality of railway elements 

Damage 
State 

Bridge 
 

Tunnel Embankment Trench Abutment Slope Tracks 

None ff ff ff ff ff ff ff 

Minor sr sr sr sr sr sr sr 

Moderate c c c c c c c 

Extensive/ 
Complete 

c c c c c c c 

ff: fully functional, sr: speed restriction, c: closed 
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4 Fragility functions for railway elements 

4.1 STATE-OF-THE-ART FRAGILITY CURVES PER COMPONENT 

The existing fragility curves for railway elements are limited. A summary review of existing 
fragility functions for tunnels, railway tracks and retaining walls (same as roadway) is 
presented in tables  4.1 to 4.3.  For more details on the parameters of these curves, the 
reader is referred to D3.7 (Fragility functions for roadway system elements). 
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Table 4.1  Summary review of existing fragility functions for tunnels 

Reference Methodology Classification Earthquake descriptor Damage States and Index 

NIBS, 2004 HAZUS fragility curves based on 
engineering judgment  and empirical 
data. Two parameters (median and 

standard deviation β) log-normal 
cumulative distributions. 

Bored/Drilled 
Cut & Cover 

Peak Ground Acceleration 
(PGA) (ground shaking) 

Permanent Ground 
Displacement (PGD) 

(ground failure) 

None (ds1), slight/minor (ds2), moderate (ds3), 
extensive (ds4), complete (ds5) 

Description: Extent of cracking of the liner and 
settlement of the ground/rock fall at the portal 

ALA, 2001 Empirical fragility curves. Damage 
data from 217 case histories. 
Two parameters (median and 

standard deviation β) log-normal 
cumulative distributions. 

Rock (Bored) / 
Alluvial 

Good/ Poor to 
average quality  

Peak Ground Acceleration 
(PGA) (ground shaking) 

None (ds1), slight/minor (ds2),  
moderate (ds3), heavy (ds4) 

Description:                              
Extent of cracking and spalling of lining  

Salmon et 
al. 2003 

Analytical fragilities for tunnels of the 
BART project (site specific) 

Two parameters (median and 
standard deviation β) log-normal 

cumulative distributions. 

Bored 
Cut & Cover 
(site specific) 

Peak Ground Acceleration 
(PGA) (ground shaking)  

Permanent Ground 
Displacement (PGD)        

(fault offset)  

None (ds1), slight/minor (ds2),  
moderate (ds3), extensive/complete (ds4) 

Corigliano 
2007 

Empirical fragility curves. Damage 
data from 120 case histories.      
Two parameters (median and 

standard deviation β) log-normal 
cumulative distributions. 

Deep tunnels 
(highway, railway, 

other) 

Peak Ground Velocity (PGV) None or Slight (A), Moderate (B) damage. 
Description: Extent of cracking and spalling of 

lining. Functionality level. 

Argyroudis, 
2010 

Analytical fragility curves.  
Two parameters (median and 

standard deviation β) log-normal 
cumulative distributions. 

Circular (Bored) 
Rectangular (Cut & 

Cover) 
Soil: B, C, D (EC8) 

Peak Ground Acceleration 
(PGA) (ground shaking) 

None (ds1), slight/minor (ds2),  
moderate (ds3), extensive (ds4) 

Damage Index: Exceedance of lining capacity  

Argyroudis & 
Pitilakis, 

2007 

Preliminary analytical fragility curves. 
 

Circular (Bored) 
Soil: B, C, D (EC8) 

Permanent Ground 
Displacement (PGD)        

None (ds1), slight/minor (ds2), moderate (ds3), 
extensive (ds4) 

Damage Index: Exceedance of lining capacity 
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Table 4.2  Summary review of existing fragility functions for railway tracks 

Reference Methodology Classification Earthquake descriptor Damage States and Index 

NIBS, 2004 HAZUS – empirical fragility functions. 
Two parameters (median and standard 

deviation β) log-normal cumulative 
distributions. 

same as urban roads   Permanent Ground 
Deformation (PGD) 

(ground failure) 
 

None (ds1), slight/minor (ds2), moderate 
(ds3), extensive/ complete (ds4) 

Description: 
Extent of settlement or offset of the 

ground 

Table 4.3 Summary review of existing fragility functions for retaining walls 

Reference Methodology Classification Earthquake descriptor Damage States and Index 

Salmon et al. 
2003 

Analytical fragilities for retaining walls of 
the BART project  (site specific) 

Two parameters (median and β) log-
normal cumulative distributions. 

not given Peak Ground Acceleration 
(PGA) (ground shaking)  

minor,  major 

ATC-13 (1985) Probability matrices, Expert judgment not given Modified Mercalli Intensity (MMI) Variation of central damage factor 
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4.2 VALIDATION, ADAPTATION AND DEVELOPMENT OF FRAGILITY 
CURVES  

4.2.1 Tunnels 

The ALA (2001) study is the most recent and complete one, as the HAZUS curves are still 
based on judgment and limited empirical data set by Dowding and Rozen (1978) and Owen 
and Scholl (1981). The ALA (2001) curves are based on a larger set of empirical data, 
including recent earthquakes. The following types of tunnels are distinguished based on 
geology conditions and quality of construction: 

Rock tunnels with poor-to-average construction and conditions. Tunnels in average or poor 
rock, either unsupported masonry or timber liners, or unreinforced concrete with frequent 
voids behind lining and/or weak concrete. 

Rock tunnels with good construction and conditions. Tunnels in very sound rock and 
designed for geologic conditions (e.g., special support such as rock bolts or stronger liners in 
weak zones); unreinforced, strong concrete liners with contact grouting to assure continuous 
contact with rock; average rock; or tunnels with reinforced concrete or steel liners with 
contact grouting. 

Alluvial (Soil) and Cut and Cover Tunnels with poor to average construction. Tunnels that 
are bored or cut and cover box-type tunnels and include tunnels with masonry, timber or 
unreinforced concrete liners, or any liner in poor contact with the soil. These also include cut 
and cover box tunnels not designed for racking mode of deformation. 

Alluvial (Soil) and Cut and Cover Tunnels with good construction. Tunnels designed for 
seismic loading, including racking mode of deformation for cut and cover box tunnels. These 
also include tunnels with reinforced strong concrete or steel liners in bored tunnels in good 
contact with soil. 

Three damage states are considered (minor/slight, moderate, and heavy). The parameters 
of the fragility curves (median PGA and lognormal standard deviation) are given in Table 4.4  
and the curves are illustrated in figures 4.1 and 4.2. Since all PGA values in the statistics 
have been back-calculated at the tunnel location using attenuation models, the beta value 
represents uncertainty in the ground motion and in the tunnel performance. 

Table 4.4 Parameters of fragility curves for tunnels. 

Median Peak Ground Acceleration (g) 

Typology 
 

Damage State 
 

Good 
construction and 

conditions 

Poor to average 
construction and 

conditions 

Lognormal 
standard 

deviation (β) 

Minor/Slight 0.61 0.35 0.4 
Moderate  0.82 0.55 0.4 

Rock 

Heavy NA 1.10 0.5 
Minor/Slight 0.50 0.30 0.4 

Moderate  0.70 0.45 0.4 
Soil, Cut & 

Cover 

Heavy NA 0.95 0.5 
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Fig. 4.1 Proposed fragility curves for tunnels in rock (ALA 2001). 



D3.8 - Fragility functions for railway elements 
 

25 

 

Alluvial and Cut & Cover Tunnels-Good Construction and Conditions

0.00

0.25

0.50

0.75

1.00

0.0 0.5 1.0 1.5
PGA (g)

P
ro

ba
bi

lit
y 

of
 d

am
ag

e 

Minor damage

Moderate damage

 

Alluvial and Cut & Cover Tunnels-Poor to Average Construction and Conditions

0.00

0.25

0.50

0.75

1.00

0.0 0.5 1.0 1.5
PGA (g)

P
ro

ba
bi

lit
y 

of
 d

am
ag

e 

Minor damage
Moderate damage
Heavy damage

 
Fig. 4.2 Proposed fragility curves for tunnels in alluvial and cut & cover (ALA 2001) 
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4.2.2 Shallow metro tunnels in alluvial soil 

The fragility curves that are described in roadway network (Deliverable 3.7) for circular and 
rectangular tunnel section in soil type B, C and D are proposed. The parameters of the 
lognormal distribution in terms of median and standard deviation are described in tables 4.5 
and 4.6 and the curves are shown in Figures 4.3 and 4.4.  

Table 4.5 Parameters of numerical fragility curves for circular metro/urban tunnels in 
alluvial. 

 Median Peak Ground Acceleration (g) 
Damage State Soil type B Soil type C Soil type D 

Minor 1.24 0.55 0.47 
Moderate  1.51 0.82 0.66 
Extensive 1.74 1.05 0.83 

Lognormal standard 
deviation (β) 0.55 0.70 0.75 

Table 4.6 Parameters of numerical fragility curves for rectangular metro/urban tunnels 
in alluvial. 

 Median Peak Ground Acceleration (g) 
Damage State Soil type B Soil type C Soil type D 

Minor 0.75 0.38 0.36 
Moderate  1.28 0.76 0.73 
Extensive 1.73 1.08 1.05 

Lognormal standard 
deviation (β) 0.55 0.55 0.55 
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Fig. 4.3 Fragility curves for circular (bored) metro/urban tunnel section (dashed curve 

derived by extrapolation of numerical results). 
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Fig. 4.4 Fragility curves for rectangular (cut and cover) metro/urban tunnel section 

(dashed curves derived by extrapolation of numerical results). 
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4.2.3 Development of fragility curves for embankments (track on) 

New analytical fragility curves for embankments (track on) are proposed. The results that 
have been derived for the embankments of roadway system are used (Deliverable 3.7). The 
response of the component is evaluated based on dynamic analyses due to an increasing 
level of seismic intensity following the general procedure that is briefly described in section 
3.2.4. In particular, the median threshold value of PGA for each damage state is obtained 
based on the diagrams of the computed damage indices (PGD on the embankment) versus 
PGA at the ground surface, which are described in Deliverable 3.7 for the different soil types 
and geometries. The definitions of damage states given in Table 3.3 for railway elements are 
now applied. The estimated parameters and the corresponding fragility curves are illustrated 
in Table 4.7 and Figures 4.5 and 4.6. 

Table 4.7 Parameters of numerical fragility curves for embankments. 

 Median Peak Ground Acceleration (g) 
Soil type C Soil type D Damage State 

h= 2m h= 4m h= 2m h= 4m 

Lognormal 
standard 

deviation (β) 

Minor 0.11 0.08 0.23 0.20 

Moderate 0.18 0.14 0.30 0.28 

Extensive/ 
Complete 0.38 0.28 0.50 0.49 

0.7 
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Fig. 4.5 Fragility curves for embankment, h=2 and 4m, soil type C. 
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Fig. 4.6 Fragility curves for embankment, h=2 and 4m, soil type D. 

4.2.4 Development of fragility curves for trenches (track in) 

New analytical fragility curves for trenches (track in) are proposed. The results that have 
been derived for the trenches of roadway system are used (Deliverable 3.7). The response 
of the component is evaluated based on dynamic analyses due to an increasing level of 
seismic intensity following the general procedure that is briefly described in section 3.2.4. In 
particular, the median threshold value of PGA for each damage state is obtained based on 
the diagrams of the computed damage indices (PGD on the trench) versus PGA at the 
ground surface, which are described in Deliverable 3.7 for the different soil types and trench 
geometries. The definitions of damage states given in Table 3.3 for railway elements are 
now applied. The estimated parameters and the corresponding fragility curves are illustrated 
in Table 4.8 and Figures 4.7 and 4.8 for the two soil types (C and D).   

Table 4.8 Parameters of numerical fragility curves for trenches. 

 Median Peak Ground Acceleration (g) 
Damage State Soil type C Soil type D 

Lognormal 
standard 

deviation (β) 
Minor 0.24 0.18 

Moderate 0.38 0.25 
Extensive/Complete 0.50 0.38 

0.7 
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Fig. 4.7 Fragility curves for trench, soil type C. 
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Fig. 4.8 Fragility curves for trench, soil type D. 
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4.2.5 Development of fragility curves for slopes (track on) 

The approach proposed in European project SAFELAND for roads on slopes is adapted 
(Pitilakis et al. 2010). New fragility curves for tracks in case of earthquake triggered slides 
are proposed as a function of peak ground acceleration (PGA) considering the 
characteristics of the slope (i.e. yield coefficient, ky). In this respect, the mean threshold 
values of displacement that are described in table 3.3 are used in the Bray and Travasarou 
(2007) model that relates the seismic permanent ground displacement with PGA for the 
Newmark rigid sliding block case (Ts=0): 

ln(D) = - 0.22 - 2.83 ln(ky) - 0.333 (ln(ky))2+ 0.566 ln(ky) ln(PGA) 

 + 3.04 ln(PGA) -  0.244(ln(PGA))2 +0.278(M- 7) ± ε               

where 

PGA: peak ground acceleration of the ground motion (i.e., Sa(Ts=0)). 

D: seismic displacement; ky: yield coefficient. 

In particular, a threshold median PGA value is estimated for each damage state based on 
the aforementioned relationship and the definitions of table 3.3. The lognormal standard 
deviation parameter (β) is assumed equal to 0.6 for all cases. This value is based on expert 
judgment and is lower than the one proposed for railway tracks in Hazus approach (0.7) as 
now the characteristics of the slope are considered which reduces the total uncertainty. 
Fragility curves are provided (Table 4.9) for different values of ky (0.05, 0.1, 0.2, 0.3) and a 
given earthquake magnitude (M=7.0). The derived fragility curves for the different ky values 
are compared for the minor, moderate and extensive/complete damage states in figures 4.9. 
It is seen that the vulnerability is lower when the ky is increasing, as in this way the specific 
characteristics of the slope are considered. 

Table 4.9.  Proposed damage algorithms for railway tracks on slope (M=7.0). 

 Peak Ground Acceleration 

 ky=0.05 ky=0.1 ky=0.2 ky=0.3 

Damage 
states 

Median 
(g) 

β Median 
(g) 

β Median 
(g) 

β Median 
(g) 

β 

slight/minor 0.11 0.20 0.37 0.52 

moderate 0.17 0.30 0.54 0.78 

extensive/ 
complete 0.26 

0.60 

0.45 

0.60 

0.80 

0.60 

1.13 

0.60 
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Tracks - Minor damage state, M=7.0
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Tracks - Moderate damage state, M=7.0
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Tracks - Extensive damage state, M=7.0
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Fig. 4.9 Fragility curves at various damage states and different yield coefficients (ky) 

for railway tracks on slope. 
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4.2.6 Railway tracks (ground failure) 

The vulnerability of railway tracks due to ground failure (i.e. liquefaction, fault offset) is 
estimated based on fragility curves that are derived considering the threshold values 
proposed in Table 3.3. In particular, these values correspond to the medians of permanent 
ground displacement (PGD) required to cause each damage state. The fragility curves are 
described by a lognormal probability distribution function. The lognormal standard deviation 
(βtot) is assumed equal to 0.7 similarly to HAZUS (NIBS 2004) approach. The parameters 
and the corresponding fragility curves are illustrated in Table 4.10 and Figure 4.10. 

Table 4.10.  Proposed parameters of fragility curves for railway tracks subjected to 
ground failure 

  
Damage State 

Median Permanent 
Ground Displacement (m) 

Lognormal standard 
deviation (β) 

Minor 0.03 
Moderate  0.08 

Extensive/ Complete 0.20 
0.7 
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Fig. 4.10  Fragility curves for railway tracks subjected to ground failure 
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4.2.7 Development of fragility curves for bridge abutments 

Analytical fragility curves for bridge abutments are proposed. The results that have been 
derived for the roadway system abutments, based on dynamic analyses due to an increasing 
level of seismic intensity, are used (Deliverable 3.7). In particular, the median threshold 
value of PGA for each damage state is obtained based on the diagrams of the computed 
damage indices (maximum vertical PGD on the backfill) versus PGA at the ground surface, 
which are described in Deliverable 3.7 for the different soil types and geometries. The 
definitions of damage states given in Table 3.3 for railway elements are now applied. The 
estimated parameters and the corresponding fragility curves are illustrated in Table 4.11 and 
Figures 4.11 to 4.14. 

Table 4.11 Parameters of numerical fragility curves for abutments. 

 Median Peak Ground Acceleration (g) 
 Soil type C Soil type D 

Damage State h=6.0m h=7.5m h=6.0m h=7.5m 
Minor 0.21 0.18 0.14 0.15 

Moderate  0.31 0.25 0.24 0.23 
Extensive/ Complete 0.55 0.43 0.48 0.42 
Lognormal standard 

deviation (β) 0.70 0.70 0.85 0.90 
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Fig. 4.11 Fragility curves for abutment - soil type C. 
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Bridge abutments - Soil D
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Fig. 4.12 Fragility curves for abutment - soil type D. 
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Fig. 4.13 Fragility curves for abutment- h=6.0m 
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Bridge abutments h=7.5m
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Fig. 4.14 Fragility curves for abutment- h=7.5m 
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5 Analytical expressions of proposed fragility 
functions 

5.1 TUNNELS 

5.1.1 Tunnels 

Intensity measure: PGA (g) 

Fragility curve (ALA, 2001): 

( ) 1 ln ln1
2 2k

PGA µP D DS erf
β

⎡ ⎤⎛ ⎞−
≥ = +⎢ ⎥⎜ ⎟

⎢ ⎥⎝ ⎠⎣ ⎦
 

Table 5.1  Description of damage states for tunnels  

Typology Damage state µ (g) β 

Minor/slight 0.35 0.4 
Moderate 0.55 0.4 

Rock tunnels with poor-to-
average construction and 
conditions Heavy  1.10 0.5 

Minor/slight 0.61 0.4 
Moderate 0.82 0.4 

Rock tunnels with good 
construction and conditions 

Heavy NA - 
Minor/slight 0.30 0.4 
Moderate 0.45 0.4 

Alluvial (Soil) and Cut and Cover 
Tunnels with poor to average 
construction Heavy  0.95 0.5 

Minor/slight 0.50 0.4 
Moderate 0.70 0.4 

Alluvial (Soil) and Cut and Cover 
Tunnels with good construction 

Heavy  NA - 
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Table 5.2  Description of damage states for tunnels 

 Damage 
state 

Description Serviceability 

DS1 None - Fully functional 
DS2 Minor/ 

Slight 
minor cracking and spalling 
and other minor distress to 

tunnel liners 

Open to traffic with speed 
restrictions, closed or partially 

closed during inspection, cleaning 
and possible repair works 

DS3 Moderate ranges from major cracking 
and spalling to rock falls 

Closed during repair works for 2 to 
3days 

DS4 Heavy collapse of the liner or 
surrounding soils to the 
extent that the tunnel is 

blocked either immediately or 
within a few days after the 

main shock 

Closed for a long period of time 
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5.1.2 Metro/Urban tunnels in alluvial 

Intensity measure: PGA (g) 

Fragility curve (SYNER-G): 

( ) 1 ln ln1
2 2k

PGA µP D DS erf
β

⎡ ⎤⎛ ⎞−
≥ = +⎢ ⎥⎜ ⎟

⎢ ⎥⎝ ⎠⎣ ⎦
 

Table 5.3  Fragility parameters for metro/urban tunnels in alluvial 

Typology  Soil type B Soil type C Soil type D 

 Damage 
state 

µ (g) β µ (g) β µ (g) β 

Minor 1.24 0.55 0.55 0.70 0.47 0.75 
Moderate 1.51 0.55 0.82 0.70 0.66 0.75 

Circular (bored) 
tunnels  

Extensive  1.74 0.55 1.05 0.70 0.83 0.75 
Minor 0.75 0.55 0.38 0.55 0.36 0.55 
Moderate 1.28 0.55 0.76 0.55 0.73 0.55 

Rectangular  
(cut and cover) 
tunnels Extensive 1.73 0.55 1.08 0.55 1.05 0.55 

Table 5.4  Description of damage states for metro/urban tunnels in alluvial 

 Damage 
state 

Description Serviceability 

DS1 None - Fully functional 
DS2 Minor minor cracking and spalling and 

other minor distress to tunnel 
lining 

Open to traffic with speed 
restrictions, closed or partially 
closed during inspection and 

possible repair works 
DS3 Moderate major cracking and spalling of 

tunnel lining 
Closed during repair works for 2 

to 3days 
DS4 Extensive extensive damage of the liner or 

surrounding soils to the extent 
that the tunnel is blocked either 
immediately or within a few days 

after the main shock 

Closed for during reconstruction 
for a long period of time 
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5.2 EMBANKMENTS (TRACK ON) 

Intensity measure: PGA (g) 

Fragility curve (SYNER-G): 

( ) 1 ln ln1
2 2k

PGA µP D DS erf
β

⎡ ⎤⎛ ⎞−
≥ = +⎢ ⎥⎜ ⎟

⎢ ⎥⎝ ⎠⎣ ⎦
 

Table 5.5  Fragility parameters for embankments 

Typology  Soil type C Soil type D 

 Damage 
state 

µ (g) β µ (g) β 

Minor 0.11 0.7 0.23 0.7 

Moderate 0.18 0.7 0.30 0.7 

Embankment 
height h=2m 

Extensive/  
Complete 

0.38 0.7 0.50 0.7 

Minor 0.08 0.7 0.20 0.7 

Moderate 0.14 0.7 0.28 0.7 

Embankment 
height h=4m 

Extensive/ 
Complete 

0.28 0.7 0.49 0.7 

Table 5.6  Description of damage states for embankments 

 Damage 
state 

Description Serviceability 

DS1 None - Fully functional  
DS2 Minor Surface slide of embankment at the 

top of slope, minor displacement of the 
track 

Open, reduced speed 

DS3 Moderate Deep slide of embankment or slump, 
medium displacement of the track 

Closed during repairs 

DS4 Extensive/
Complete 

Extensive slump and slide of 
embankment, extensive displacement 

of the tracks 

Closed during 
reconstruction works 
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5.3 TRENCHES (TRACK IN) 

Intensity measure: PGA (g) 

Fragility curve (SYNER-G): 

( ) 1 ln ln1
2 2k

PGA µP D DS erf
β

⎡ ⎤⎛ ⎞−
≥ = +⎢ ⎥⎜ ⎟

⎢ ⎥⎝ ⎠⎣ ⎦
 

Table 5.7  Fragility parameters for trenches 

 Soil type C Soil type D 

Damage state µ (g) β µ (g) β 

Minor 0.24 0.7 0.18 0.7 
Moderate 0.38 0.7 0.25 0.7 
Extensive/ Complete 0.50 0.7 0.38 0.7 

 

Table 5.8  Description of damage states for trenches 

 Damage 
state 

Description Serviceability 

DS1 None - Fully functional  
DS2 Minor Surface slide, minor displacement of 

the tracks 
Open, reduced speed 

DS3 Moderate Deep slide or slump, medium 
displacement of the tracks 

Closed during repairs 

DS4 Extensive/
Complete 

Extensive slump and slide, 
extensive displacement of the tracks

Closed during reconstruction 
works 
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5.4 SLOPES (TRACK ON) 

Intensity measure: PGA (g) 

Fragility curve (SYNER-G): 

( ) 1 ln ln1
2 2k

PGA µP D DS erf
β

⎡ ⎤⎛ ⎞−
≥ = +⎢ ⎥⎜ ⎟

⎢ ⎥⎝ ⎠⎣ ⎦
 

Table 5.9  Fragility parameters for slopes (M=7.0) 

 ky=0.05 ky=0.1 ky=0.2 ky=0.3 

Damage state µ (g) β µ (g) β µ (g) β µ (g) β 

Slight/Minor 0.11 0.60 0.20 0.60 0.37 0.60 0.52 0.60 

Moderate 0.17 0.60 0.30 0.60 0.54 0.60 0.78 0.60 

Extensive/ 
Complete 0.26 0.60 0.45 0.60 0.80 0.60 1.13 0.60 

 

Table 5.10  Description of damage states for slopes 

 Damage 
state 

Description Serviceability 

DS1 None - Fully functional  
DS2 Minor Surface slide at top of slope, 

minor displacement of the 
track 

Open, reduced speed  

DS3 Moderate Deep slide or slump, medium 
displacement of the track 

Closed during repairs 

DS4 Extensive/ 
Complete 

Extensive slump and slide, 
extensive displacement of 

the track 

Closed during reconstruction 
works 
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5.5 RAILWAY TRACKS 

Intensity measure: PGD (m) 

Fragility curve (SYNER-G): 

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
+=≥

2
lnln1

2
1

β
μPGDerfDSDP k  

Table 5.11  Fragility parameters for railway tracks  

Damage state µ (m) β 

Minor 0.03 0.7 
Moderate 0.08 0.7 

Extensive/ 
Complete 0.20 0.7 

Table 5.12  Description of damage states for railway tracks 

 Damage 
state 

Description Serviceability 

DS1 None - Fully functional 
DS2 Minor Minor (localized) derailment due 

to slight differential settlement of 
embankment or offset of the 

ground. 

Operational after inspection or 
short repairs. 

DS3 Moderate Considerable derailment due to 
differential settlement or offset of 

the ground. 

Closed to traffic. Local repairs or 
replacement of tracks is required. 

DS4 Extensive
/ 

Complete 

Major differential settlement of the 
ground resulting in potential 

derailment over extended length. 

Closed to traffic. Replacement of 
track‘s segments is required. 

Duration of closure depends on 
length of damaged lines. 
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5.6 BRIDGE ABUTMENT 

Intensity measure: PGA (g) 

Fragility curve (SYNER-G): 

( ) 1 ln ln1
2 2k

PGA µP D DS erf
β

⎡ ⎤⎛ ⎞−
≥ = +⎢ ⎥⎜ ⎟

⎢ ⎥⎝ ⎠⎣ ⎦
 

Table 5.13  Fragility parameters for bridge abutment 

 Soil type C Soil type D 
Typology 

Damage state µ (g) β µ (g) β 

Minor 0.21 0.70 0.14 0.85 

Moderate 0.31 0.70 0.24 0.85 

hwall= 6.0m 
 

Extensive 
Complete 

0.55 0.70 0.48 0.85 

Minor 0.18 0.70 0.15 0.90 

Moderate 0.25 0.70 0.23 0.90 

hwall=7.5m 
 

Extensive/ 
Complete 

0.43 0.70 0.42 0.90 

 

Table 5.14  Description of damage states for bridge abutment 

 Damage 
state 

Description Serviceability 

DS1 None No-slight settlement (<1cm) Fully functional 
DS2 Minor minor settlement of the 

approach fill (1-5cm) 
Open. Reduced speeds or partially 

closed during repair works. 
DS3 Moderate moderate settlement of the 

approach fill (5-10cm)  
Closed during repair works. 

DS4 Extensive/ 
Complete 

extensive settlement/offset of 
the approach fill (>10cm) 

Closed during repair/ reconstruction 
works  

 

 

 



D3.8 - Fragility functions for railway elements 

46  

 

References 

American Lifelines Alliance (2001a) Seismic fragility formulations for water systems: Part 1 – 
Guideline. ASCE-FEMA 

American Lifelines Alliance (2001b) Seismic fragility formulations for water systems: Part 2 –
Appendices. ASCE-FEMA  

Applied Technology Council, (1985). Earthquake Damage Evaluation Data for California, 
ATC-13, Federal Emergency Management Agency (FEMA). 

Applied Technology Council (1991). Seismic Vulnerability and Impact of Disruption of 
Lifelines in the Conterminous United States, ATC-25, Redwood City, CA. 

Argyroudis S. (2010). Contribution to Seismic Vulnerability and Risk of Transportation 
Networks in Urban Environment, PhD Thesis (in Greek), Dept. of Civil Engineering, 
Aristotle University of Thessaloniki, Greece. 

Argyroudis S., Monge O., Finazzi D. and Pessina V. (2003). Vulnerability assessment of 
lifelines and essential facilities (WP06): Methodological Handbook – Appendix 1: 
Roadway Transportation System, Risk-UE Final Report, Report n◦ GTR-RSK 0101-
152av7, February. 

Argyroudis, S., Pitilakis, K. (2007). “Development of vulnerability curves for circular shallow 
tunnels due to ground shaking and ground failure”, In: “Landslides: From Mapping to 
Loss and Risk Estimation” (Ed. Crosta G.B., Frattini P.). LESSLOSS Report No. 2007/01, 
Istituto Universitario di Studi Superiori di Pavia, IUSS Press, ISBN: 978-88-6198-005-1, 
175-184. 

Aydan O. (2004). A Reconnaisance Report on Niigata-Ken Chuetsu Earthquake of October 
23, 2004. Tokai University, Department of Marine Civil Engineering Shizuoka, Japan. 

Bray J. D., Travasarou F. (2007). Simplified Procedure for Estimating Earthquake-Induced 
Deviatoric Slope Displacements. Journal of Geotechnical and Geoenvironmental 
Engineering 133 (4): 381-392. 

Bray J., Frost D. (editors) (2010). Geo-Engineering Reconnaissance of the February 27, 
2010 Maule, Chile Earthquake. Electronic version 1: April 15, available at GEER 
Association website. 

Byers W. (2004). “Railroad lifeline damage in earthquakes”. Proc. 13th World Conference on 
Earthquake Engineering, Vancouver, B.C., Canada, August 1-6, Paper No. 324. 

Corigliano M. (2007). Seismic response of deep tunnels in near-fault conditions. PhD 
dissertation. Politecnico di Torino, Italy. 

DIN EN13848-1 (2008). Railway applications - Track - Track geometry quality - Part 1: 
Characterisation of track geometry. 

Dowding C.H., Rozen A., (1978). Damage to rock tunnel from earthquake shaking. J. 
Geotech. Eng. Div. ASCE 104 (GT2), 175-191. 

EC8 (2004). Eurocode 8: Design of structures for earthquake resistance. European 
Committee for Standardisation: Brussels, Belgium, The European Standard EN 1998-1. 

EERI (2001). Chi-Chi Earthquake Reconnaissance Report, Earthquake Spectra, Supplement 
to Vol. 17. 

Erdik M. (2000). Report on 1999 Kocaeli and Duzce (Turkey) Earthquakes. Bogazici 
University, Kandilli Observatory and Earthquake Research Institute Department of 
Earthquake Engineering, Istanbul. 37 pp. Report no: 2000-12. 

Esveld C. (2001). “Modern railway track’’, Delft University of Technology, MRT Productions.  



D3.8 - Fragility functions for railway elements 
 

47 

 

Hashash, Y.A., Hook, J., Schmidt, B., Chiangyao, J. (2001). Seismic Design and Analysis of 
Underground Structures. Tunnelling and Underground Space Technology, 16, 247-293. 

Ikehara T. (1970). Damage to railway embankments due to the Tokachioki earthquake. The 
Japanese Geotechnical Society. Vol. X, No 2. 

Kayen et al. (2007). Preliminary Observations on the Niigata-Chuetsu Oki, Japan, 
Earthquake of July 16, 2007, EERI-GEER Web Report 2007–1 v.7. 

Margaris et al (2008) “Preliminary report on the principal seismological and engineering 
aspects of the Mw = 6.5 Achaia-Ilia (Greece) earthquake on 8 June 2008”. Report of the 
Geotechnical Earthquake Engineering Reconnaissance (GEER) Team, GEER 
Association Report No. GEER-013. 

MCEER (2000). The Chi-Chi, Taiwan Earthquake of September 21, 1999: Reconnaissance 
Report, MCEER-00-0003 (Edited by G.C.Lee, C.H.Loh), State University of New York, 
Buffalo. 

National Institute of Building Sciences (NIBS) (2004). HAZUS-MH: Users’s Manual and 
Technical Manuals. Report prepared for the Federal Emergency Management Agency, 
Washington, D.C. 

NIST (1996) “The January 17, 1999 Hyogoken-Nanbu (Kobe) earthquake, Performance of 
structures, lifelines and fire protection systems” (Chung R. ed.), NIST special publication  
901 (ICSSC TR18). 

Owen G.N., Scholl, R.E. (1981). Earthquake engineering analysis of a large underground 
structures, Federal Highway Administration and National Science Foundation, 
FHWA/RD- 80/195, January.  

Pitilakis et al. (2010). Physical vulnerability of elements at risk to landslides: Methodology for 
evaluation, fragility curves and damage states for buildings and lifelines. Deliverable 2.5 
in EU FP7 research project No 226479 SafeLand:  Living with landslide risk in Europe: 
Assessment, effects of global change, and risk management strategies. 

Power M., Rosidi D., Kaneshiro J., Gilstrap S., Chiou S.J. (1998). Summary and Evaluation 
of Procedures for the Seismic Design of Tunnels, Final Report for Task 112-D-5.3(c), 
MCEER Highway Project, Sponsored by US Department of Transportation, Federal 
Highway Administration, FWHA Contract Number DTFH61-92-C-00112. 

Rossetto T., Elnashai A. (2003). Derivation of vulnerability functions for European-type RC 
structures based on observational data. Engineering Structures 25, 1241–1263. 

Salmon M., Wang J., Jones D., Wu Ch. (2003). Fragility Formulations for the BART System. 
Proc. of the 6th U.S. Conference on Lifeline Earthquake Engineering, TCLEE, Long 
Beach, August 10-13. 

Towhata I. (2008). “Geotechnical earthquake engineering”. Springer-Verlag Berlin 
Heidelberg.  

Werner S.D., Taylor C.E., Cho S., Lavoie J-P., Huyck C., Eitzel C., Chung H., Eguchi R.T.  
(2006). REDARS 2: Methodology and Software for Seismic Risk Analysis of Highway 
Systems MCEER-06-SP08. 

  
 
 
 
 


