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Abstract 

This deliverable provides the technical report on the assessment of fragility functions for 
roadway network elements. The following network components are considered: tunnels, 
embankments, trenches, slopes, pavements, bridge abutments. This deliverable comprises 
four parts. A short review of past earthquake damages on roadway 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 roadway components and the general 
description of existing methodologies, damage states definitions, intensity measures and 
performance indicators of the elements. The validation of empirical fragility methods for 
roadway pavements is provided based on damage data from recent earthquakes. New 
fragility curves are developed for tunnels in alluvial, embankments, trenches and abutments 
based on numerical analyses. Finally, the proposed vulnerability functions are summarized.  

Keywords: fragility functions, vulnerability, roadway, tunnels, embankments, trenches, 
slopes, pavements 
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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 roadway elements, applicable to the specific European context. Following the 
SYNER-G taxonomy for the roadway network (Deliverable 2.1), the following components 
are considered: 

o RDN01 Bridges (they are covered under subtask 3.3.1, Deliverable 3.6) 

o RDN02 Tunnels 

o RDN03 Embankments (road on) 

o RDN04 Trenches (road in) 

o RDN05 Slopes (road on) 

o RDN06 Road pavements (ground failure) 

o RDN07 Bridge abutments 

The present report reviews the damages sustained by roadway 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 roadway 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 parameters and analytical expressions.. 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 typology. 
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2 Past earthquake damages on roadway elements  

2.1 INTRODUCTION 

The experience of past earthquakes reveals that the roadway elements are quite vulnerable, 
while the damages can seriously affect the transportation of products and people in both 
short-term (emergency actions) and long-term period. A general and brief description of 
roadway network damages during strong earthquakes worldwide is given herein: 

Loma Prieta (USA), 18/10/1989, M=7.1. (EERI 1990; Buckle and Cooper 1995; Basoz and 
Kiremidjian 1998; Perkins et al 1997). 

The cost for the roadway network is estimated to $1.8 billions, while the restoration cost for 
the bridges was $300 millions. More than 80 bridges sustained minor damages, 10 were 
closed due to serious damages, and 3 were collapsed in one or more spans. Totally, 65 
blockages were recorded due to direct damages (ground shaking, landslides, liquefaction, 
fault rupture) and 82 due to indirect damages (building collapses, gas leakage, pipeline 
breaks etc) 

Costa Rica, 22/4/1991, M=7.5. (EERI 1991) 

At least 12 bridges sustained extensive to complete damages. In many locations the 
pavement experienced wide cracks, while embankments presented extensive settlements. 
The disruption of road network functionality resulted to daily losses of $250000 due to 
interruption of exports. 

Hokkaido (Japan), 12/7/1993, Μ=7.8. EERI (1995a) 

Traffic was interrupted in 365 locations of the road network in the disaster area. The main 
causes were the embankment failures, liquefaction phenomena, landslides and tsunami. 
Damages in bridges and tunnels were limited. 

Northridge (USA), 17/1/1994, M=6.7. (Basoz and Kiremidjian 1998; ΕΕRI 1995b; TCLEE 
1995; Perkins et al 1997) 

The restoration cost for bridges was $190 millions, and for the highways $122 million. 230 
bridges sustained damages, among them 7 were collapsed. Several damages were 
observed the local and regional road axis, due to landslides and ground settlements. In total, 
63 road blockages were recorded due to direct damages (ground shaking, landslides, 
liquefaction, fault rupture) and 77 due to indirect damages (building collapses, gas leakage, 
pipeline breaks etc).  

Kobe (Japan), 17/1/1995, M=7.9. (NCEER 1995; Nariyuki et al 2004) 

It is estimated that the 60% of bridges in the disaster area sustained a kind of damage, while 
27 bridges were seriously damaged. More than 1300 spans of the Hanshin expressway 
presented minor to complete damages, while the total direct loss was $4.6 billions. 
Blockages of roads were observed in many areas due to collapses of wooden houses. 

Chi-Chi (Taiwan), 21/9/1999, Μ=7.6. (MCEER 2000; EERI 2001) 

Extensive damages were occurred in the roadway network of Taichung and Nantou counties 
due to fault rupture, ground settlements and slope failures. About 10% of the total number of 
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bridges in the disaster area sustained moderate to serious damages, mainly due to large 
ground deformations. At least 12 bridges were collapsed, 9 experienced extensive and 16 
minor damages. The traffic interrupted in approximately 600 locations due to lanslides. 

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

Extensive damages were observed in the transportation infrastructure of Kocaeli and 
Sakarya regions, mainly due to fault ruptures. Damages due to ground settlements were 
occurred in the Trans European Motorway (ΤΕΜ). Several bridges experienced minor to 
moderate damages, 2 bridges collapsed (Arifiye and Sakarya) and serious damages in toll 
buildings were recorded.  

Niigata - Chuetsu Oki (Japan), 16/7/2007, M=6.6. (Kayen et al 2007) and Niigata-ken 
Chuetsu (Japan), 23/10/2004 M=6.6. (Aydan 2004; Bardet 2004) 

Several damages were recorded in the transportation network in both earthquakes, related 
to ground failures due to landslides, liquefaction, later spreading and settlements. Minor to 
moderate damages were occurred in tunnels with unreinforced concrete lining.  

L’ Aquila (Italy), 6/4/2009, M=6.3. (EERI 2009; Dolce et al 2009) 

One bridge in rural road collapsed, with one span unseated from the abutment, while minor 
damages were recorded to few other bridges. Roads were blocked due to landslides in 
mountainy areas, without affecting seriously the transportation functionality. All the tunnels of 
the region performed well with no service interruption. 

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

The earthquake affected the transportation network in a large area (approximately 600km x 
100km). The majority of the roadway components responded satisfactory, however many 
bridges (>45) sustained damages, which were related to ground failures and inadequate 
foundations, and superstructure failures due to ground shaking. Extensive damages were 
occurred in highways due to ground settlements and failures in embankments. 

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

2.2 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. 2.1a, b). 2. 
longitudinal bending (fig. 2.1 c, d) and 3. ovaling/racking (fig.2.1 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 
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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 pavement cracks 

o wall deformation 

o local opening of joints and obstruction of the opening 

o opening deformations 

Figure 2.2 shows damage features in tunnels during the 1995 Kobe earthquake, while in 
figure 2.3 overall damage observations are given. 

 
Fig. 2.1 Deformation modes of tunnels due to seismic waves (after Hashash 2001). 
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Fig. 2.2 Damages in Rokko tunnel and Kobe Rapid Transit Railway during the 1995 

Kobe earthquake (Power et al 1998). 

 
Fig. 2.3 Distribution of damages to bored tunnels due to ground shaking as a function 

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

2.3 EMBANKMENTS  

Embankments are often constructed on liquefaction-susceptible loose sandy deposits. When 
the foundation bearing capacity is lost due to static and dynamic loading, the embankment 
usually spreads laterally and settles at the same time. Resulting in the sliding of 
embankment (from a few centimetres to many meters) and opening of cracks in the road 
pavement (fig. 2.4 , 2.5). Damages to road embankment can be classified in three levels as 
shown in figure 2.6.   

According to Ikehara (1970), the factors that are closely related to damage of embankments 
are: i) age of the embankment including the method of construction, ii) height, iii) 
topographical condition, including the shape of the embankment. 
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Fig. 2.4  Road embankment failure caused 
by lateral slumping  during the 1995 Kozani 

(GR) earthquake  

Fig. 2.5 Road embankment damage caused 
by lateral slumping during the 2008 Iwate 

Miyagi-Nairiku (JP) earthquake 

 

Fig. 2.6 Classification of the level of damage to road embankments in Japan (JRA, 
2007, after Okhubo et al 2009).  

2.4 TRENCHES AND SLOPES 

Earthquake induced landslides can cause the partial or complete blockage of the road as 
well as the structural damage to the road pavement.  In addition to the types of damage 
observed in embankments, roads in trenches and on slopes are subjected to failures of the 
slopes beside the road (fig. 2.7, 2.8). 
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Fig. 2.7  Traffic interruption due to landslide during the 2003 Lefkas (GR) earthquake. 

  
Fig. 2.8 Destroyed roads by landslides during the 2004 Niigata-ken Chuetsu 

earthquake (JP) earthquake. 

2.5 ROAD PAVEMENTS 

The possible damages to road pavement can be direct, indirect (interaction with other 
elements) or induced (secondary effects).  

Direct damages 

- Damages due to fault rupture (fig. 2.9). 

- Cracks and failures due to soil liquefaction (settlement, lateral spreading) (fig. 2.10, 
2.11). 

Indirect damages 

- Complete or partial blockage due to collapsed buildings in urban areas (fig. 2.12). 

- Interruption of traffic due to landslide debris, mainly in non-urban areas (see §2.4). 

- Traffic interruption due to collapsed electricity or telecommunication pylons (fig. 
2.13). 

- Complete or partial blockage resulted by underlying pipeline (water, waste water, 
gas) or other transportation element failures (fig. 2.13, 2.14). 
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Induced damages 

- Closure due to collapse risk of heavily damaged buildings (e.g. during an aftershock) 
or due to restoration/demolishing works. 

- Closure due to restoration works in damaged underlying networks. 

- Malfunction of traffic lights and illumination because of damages in electric power 
network.  

 
Fig. 2.9  Damage to highway caused by fault rupture during the 1999 Kocaeli (TR) 

earthquake. 

  

Fig. 2.10  Damage of pavement during the 
2007 Niigata-Chuetsu Oki (JP) earthquake 

caused by lateral spreading due to soil 
liquefaction 

Fig. 2.11  Damage of pavement during 
the 2003 Lefkas (GR) earthquake 
caused by subsidence due to soil 

liquefaction 
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Fig. 2.12  Road closure due to building collapses during the 1999 Duzce (TR) (left) and 

1999 Parnitha (GR) (right) earthquakes. 

 

 

 

Fig. 2.13  Road closure due to 
water and gas pipeline breaks 

during the 1994 Northridge (US) 
earthquake 

Fig. 2.14   Damaged road caused by 
failure in metro structure during the 

1995 Kobe (JP) earthquake  

2.6 GEOTECHNICAL DAMAGE TO BRIDGE ABUTMENTS 

If approach fills alongside bridge abutments/retaining walls have not been adequately 
compacted during construction, they are vulnerable to damage from earthquake-induced 
differential settlement (fig.2.15, 2.16). The stronger and longer the earthquake shaking, the 
thicker the fill, and the poorer the state of compaction, the greater the amount of differential 
settlement and pavement damage. 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). Although approach-fill settlement does not typically result in 
extensive repair costs and durations, it has been the most commonly occurring type of 
highway-system damage during recent earthquakes.  
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Backfill

Bridge deck

Subsidence 

 
Fig. 2.15 Settlement of backfill behind a bridge abutment. 

 
Fig. 2.16  Settlement of approach fill during 2007 Niigata-Chuetsu Oki (JP) earthquake. 
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3 Methodology for the vulnerability assessment of 
roadway elements 

3.1 IDENTIFICATION OF THE MAIN TYPOLOGIES 

3.1.1 Soil classification 

Roadway 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). 

Table 3.1  Classification of soil according to EC8 (2004). 
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3.1.2 Functionality hierarchy 

Another important parameter for the description of roadway elements typology is the 
hierarchy of roads according to their functions and capacities. A typical hierarchy scheme is 
presented in fig. 3.1 based on the access to properties and the traffic movement and speed. 
In European project SAFELAND (Pitilakis et al 2010) a distinction is made between high 
speed and local roads based on speed limits and number of lanes, which are considered as 
main typological features.   

 
Fig. 3.1  A typical roadway functional hierarchy. 

3.1.3 Tunnels 

Large-diameter tunnels are linear underground structures in which the length is much larger 
than the cross-sectional dimension (fig. 3.2). 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),  

o the depth (surface, shallow, deep),  

o the geological conditions: rock (type A in table 3.1), alluvial (types B to S2 in table 
3.1),  

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

These tunnels are commonly used for metro structures, highway tunnels, and large water 
and sewage transportation ducts.  
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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 highways 
(non urban networks). 

3.1.5 Road pavements 

The basic parameter is the number of traffic lanes which is based on the functional hierarchy 
of the network. 

3.1.6 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 behaviour depends on its compaction level. 
For other typological features related to structural damage of bridges se delivery D3.6 
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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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             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 survey 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 road 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). Moreover, another important issue and source of uncertainty is the 
classification of damaged elements to homogeneous typology classes. 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 were obtained from expert judgment. The HAZUS (NIBS  2004) fragility curves for 
roads 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. Analytical 
fragility curves for tunnels have been proposed by Argyroudis (2010) and Salmon et al 
(2003). 

A general procedure that is followed in this report for the derivation of analytical fragility 
curves for road 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 road element geometries, the input motion 
characteristics and the soil properties. 

The level of road 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) 

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, 
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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. 

 Road element typology 
Basic models 

Soil type  
Typical soil profiles (P) 

Seismic input motion 
Accelerograms (A), intensity levels (S) 

1D equivalent linear analysis of the 
soil profiles - input motions models 

(PxAxS) 

2D dynamic (or quasi 
static) analysis of       

road element-soil models

Soil stiffness and damping 
parameters 

Damage index (DI), 
damage states (ds), 

thresholds values of DI 
for each ds 

Evolution of damage with intensity measure 
(IM), definition of median threshold value of 

EP for each ds 

Fragility curves                    
for each road element and soil type 

Uncertainties                    
(seismic demand, element capacity, 

definition of DI and ds) 

 
 

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

Intensity Measure

D
am

ag
e 

In
de

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). 
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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 

Different damage criteria have been proposed for roadway elements, a brief review is made 
in the following. 

3.3.1 Tunnels 

Dowding and Rozen (1978) defined three damage states with no consideration devoted to 
geologic media or type of lining. No damage implies that post-shaking inspection revealed 
no apparent new cracking or falling stones. Minor damage includes fall of stones and 
formations of new cracks. Major damage includes major rock falls, severe cracking, and 
closure.  

In HAZUS methodology (NIBS, 2004) five damage states are defined: none (ds1); 
slight/minor (ds2, minor cracking of the tunnel liner, damage requires no more than cosmetic 
repair, and some rock falling, or by slight settlement of the ground at a tunnel portal); 
moderate (ds3, moderate cracking of the tunnel liner and rock falling); extensive (ds4, major 
ground settlement at a tunnel portal and extensive cracking of the tunnel liner); complete 
(ds5, major cracking of the tunnel liner, which may include  possible collapse). REDARS 
methodology (Werner et al 2006) adopts HAZUS fragility curves for tunnels, while the 
damage states are associated with repair cost and duration (Table 3.3). 

ALA (2001) proposed four damage states: none (ds1); slight (ds2, minor cracking and 
spalling and other minor distress to tunnel liners); moderate (ds3, ranges from major cracking 
and spalling to rock falls); heavy (ds4, 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). ds4 
is usually associated to the collapse of the tunnel and it is often due to fault offset or 
landslides. 

Wang et al (2001) used the damage classification proposed by Huang et al (1999) (Table 
3.2) for the evaluation of damage assessment of the mountain tunnels after the 1999 Chi-Chi 
Taiwan earthquake. This damage classification is based on tunnel functionality after an 
earthquake, considering three levels. Qualitative and quantitative information (e.g. width and 
length of cracks) are given to define each damage level. 
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Table 3.2 Tunnel damage classification (Huang et al, 1999 after Wang et al 2001). 

 

Table 3.3 Tunnel damage and repair model (Werner et al 2006)1,2. 

 

3.3.2 Embankments, Trenches, Slopes, Pavements, Abutments 

Table 3.4 describes the scheme that is used for the damage classification in expressway 
structures after recent earthquakes in Japan (Maruyama et al 2010). Five levels, namely, 
severe (As), major (A), moderate (B), minor (C), and very minor (D), were used to categorize 
the damage to the expressway. The damage levels are defined for different types of 
expressway components, including bridge superstructures, substructures, load-bearing 
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structures, and tunnels. The damage associated with damage levels As, A, and B was 
severe enough to disrupt ordinary expressway traffic. 

In RISK-UE methodology (Argyroudis et al 2003) four damage states are defined (None; 
Minor; Moderate; Extensive) for roads. They include direct (due to ground failure) and 
indirect (due to building collapses) damages and they are associated to the serviceability of 
the road (Table 3.5). In REDARS methodology (Werner et al, 2006) five damage states are 
proposed for highway pavements described by permanent ground displacement (none; 
slight; moderate; extensive; irreparable) and three damage states for approach fills based on 
ground settlement. They are associated with repair cost and duration (Tables 3.6 and 3.7). 

Table 3.4  Severity of damage to expressway structures in Japan (Maruyama et al 
2010). 

 

Table 3.5 Road damage classification (RISK-UE approach). 

Serviceability Damage 
States 

Direct damages Indirect damages 

Fully closed due to temporary 
repairs for few days to few weeks. 
Partially closed to traffic due to 
permanent repairs for few weeks to 
few months*.  

Extensive Major settlement or 
offset of the ground 
(>60 cm). 

Considerable debris 
of collapsed 
structures. 

Fully closed due to temporary 
repairs for few days. Partially 
closed to traffic due to permanent 
repairs for few weeks*. 

Moderate Moderate 
settlement or offset 
of the ground (30 to 
60cm). 

Moderate amount of 
debris of collapsed 
structures. 

Open to traffic. Reduced speed 
during repairs.  

Μinor Slight settlement 
(<30cm) or offset of 
the ground. 

Minor amount of 
debris of collapsed 
structures. 

Fully open. None / No damage/ Clean 
road. 

* The duration of closure depends on the length of damaged roadway 
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Table 3.6 Pavement damage and repair model (Werner et al 2006). 

 

Table 3.7 Approach fill (abutment) damage and repair model (Werner et al 2006). 

 
 

The following damage states are proposed and used in this project (table 3.8) described with 
the induced permanent ground displacement (PGD) of the road element. In particular, a 
mean value of PGD is estimated for minor, moderate, extensive and complete damage 
based on a range of values (min, max) considering the aforementioned studies. 
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Table 3.8 Definition of damage states for roadway elements in SYNER-G. 

 Permanent Ground Displacement (m) 
Damage State min max mean 

ds0. None 0.00 0.03 0.015 
ds1. Minor 0.03 0.15 0.090 

ds2. Moderate  0.15 0.30 0.225 
ds3. Extensive 0.30 0.60 0.450 
ds4. Complete 0.60 1.50 1.050 

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 
estimated through simple or advanced methods within a seismic hazard study of a certain 
area. Therefore, the vulnerability assessment of a wide road network due to ground shaking 
is feasible when it is based on PGA values, especially in case that multiple seismic 
scenarios are employed. When the vulnerability of roadway 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).  

Tables 4.1 to 4.5 summarize the IMs that are used in existing fragility assessment 
approaches. 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 roadway 
system, in a component level, can be described through the reduction of functional traffic 
lanes due to damage, which is directly connected to reduction of speed and capacity of the 
system. The general scheme in table 3.9 can be used as a basis to estimate the functionality 
of the roadway components due to different damage levels. Three levels of functionality are 
described (open, partially open, closed). The partially open state is defined based on the 
number of lanes of the undamaged road (table 3.10) which is based on REDARS approach 
(Werner et al 2006). It is noted that the partially open state is not applied when the roadway 
has a single traffic lane. 
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Table 3.9 General proposal for the functionality of roadway elements 

Damage 
State 

Bridge 
 

Tunnel Embankment Trench Abutme
nt 

Slope Road 
pavement

None o o o o o o o 
Minor o o o o o o o 

Moderate p/o c p/o p/o p/o p/o p/o 
Extensive c c p/o p/o c c c 
Complete c c c c c c c 

o: open, p/o: partially open (not applied when the roadway has one traffic lane), c: closed 

Table 3.10 Definition of functionality of  roadway elements in relation to the open 
traffic lanes before and after the earthquake 

Number of lanes each way open to traffic after EQ Damage 
State Pre-EQ 

Lanes=1 
Pre-EQ 
Lanes=2 

Pre-EQ 
Lanes=3 

Pre-EQ 
Lanes=4 

None 1 2 3 4 
Minor 1 2 3 4 

Moderate 0 1 2 3 
Extensive 0 1 1 2 
Complete 0 0 0 0 
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4 Fragility functions for roadway elements 

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

A summary review of existing fragility functions for roadway elements is presented in tables 
4.1 to 4.5. The parameters and details for these fragility curves and methods are given in 
Appendix A in a tabular form. 
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Table 4.1  Summary review of existing fragility functions for tunnels 

Reference Methodology Classification Intensity Measure 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 embankments 

Reference Methodology Classification Intensity Measure Damage States and Index 

Maruyama et al 
2008, 2010 

Empirical. Damage datasets from 
2003 Northern-Miyagi, 

2003 Tokachi-oki , 2004 Niigata 
Chuetsu, 2007 Niigata Chuetsu-

oki earthquakes 
Log-normal distribution 

Japanese expressways 
embankments             

(height: 5-10 m) 

Peak Ground Velocity 
(PGV)  

Major damage  (affecting the 
serviceability of traffic). All damage. 
 Damage ratio: number of damage 

incidents per km of expressway 
embankment 

Lagaros  et al 
2009 

Analytical. Pseudostatic slope 
stability analyses, Monte Carlo 
simulation method and neural 

network metamodels. 

Trapezoid embankment 
(deterministic and random 
variables of dimensions) 

Peak Ground 
Acceleration (PGA) 
(ground shaking) 

Slight, moderate, extensive, collapse 
Damage index: Factor of Safety  

Table 4.3  Summary review of existing fragility functions for slopes 

Reference Methodology Classification Intensity Measure Damage States and Index 

SAFELAND 
(Pitilakis et al 

2010) 

Modified HAZUS (NIBS 2004) 
curves based on Bray and 
Travasarou (2007) model. 

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

cumulative distributions. 

Major/highway roads       
(four or more lanes) 

Urban roads             
(two traffic lanes) 

Slope characteristics are 
considered through yield 

coefficient (ky) 

Peak Ground 
Acceleration (PGA) 
(ground shaking) 

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

Description: 
Extent of ground movement 

ATC-13 (1985) Slope failure probability matrices, 
Expert judgment  

6 slope classes, defined 
by critical acceleration, ac. 

Modified Mercalli  
Intensity (MMI) 

Light, Moderate, Heavy, Severe, 
Catastrophic 
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Table 4.4  Summary review of existing fragility functions for road pavements 

Reference Methodology Classification Intensity Measure Damage States and Index 

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

deviation β) log-normal cumulative 
distributions. 

Major/highway roads    
(four or more lanes) 

Urban roads          
(two traffic lanes) 

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 
Werner et al 

2006 
Expert judgment. 

Threshold PGD values are given, 
related with repair cost and duration 

and traffic states (not fragility curves). 

Highway roads Permanent Ground 
Deformation (PGD) 

(ground failure) 
 

None, slight, moderate, extensive, 
irreparable. 
Description: 

Extent of pavement cracking/movement  

Table 4.5 Summary review of existing fragility functions for approach fills (abutments) 

Reference Methodology Classification Intensity Measure Damage States and Index 

Werner et al 
2006 

Expert judgment. 
Threshold PGD values are given, 

related with repair cost and duration 
and traffic states (not fragility curves). 

Highway approach 
slabs  in California 

Permanent Ground 
Deformation (PGD) 

(ground failure/ 
settlement) 

None, slight, moderate 
Description: 

Extent of settlement  

Table 4.6 Summary review of existing fragility functions for retaining walls 

Reference Methodology Classification Intensity Measure 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  4.7 
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 4.7 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 



D3.7 - Fragility functions for roadway elements 

30  

 

Rock 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

   

Rock 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. 4.1 Proposed fragility curves for tunnels in rock (ALA 2001). 
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Fig. 4.2 Proposed fragility curves for tunnels in alluvial and cut & cover (ALA 2001). 

 

4.2.2 Development of fragility curves for shallow metro tunnels in alluvial soil 

Introduction 

So far the vulnerability assessment of tunnels has been mainly based on expert judgment 
(ATC13 1985; NIBS 2004) or empirical fragility curves (ALA 2001), derived from actual 
damage in past earthquakes all over the world (Dowding and Rozen 1978; Owen and Scholl 
1981; Wang 1985; Sharma and Judd 1991). Recently, fragility curve methodologies using 
numerical approaches have become widely adopted as they are more readily applied to 
different structure types and geographical regions where seismic damage records are 
insufficient.  
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In this section, numerical fragility curves for shallow metro (urban) tunnels in alluvial deposits 
are developed, considering structural parameters, local soil conditions and the input ground 
motion characteristics. The comparison between the new fragility curves and the existing 
empirical ones highlights the important role of the local soil conditions, which is not 
adequately taken into account in the empirical curves. The response of tunnels to seismic 
shaking may be described in terms of two principal types of deformations; the first including 
both axial and curvature deformations, occur along the longitudinal axis of the tunnel; the 
second one, perpendicular to the longitudinal axis of the tunnel cross section, is resulting in 
“ovaling” deformations of a circular tunnel cross section and “racking” deformations of a 
rectangular cross section (Wang 1993; Hashash et al 2001). This study considers the 
seismic response of tunnels along the transversal direction, and thus the ovalisation and 
racking of the lining are the only mechanisms taken into account for the circular and 
rectangular tunnel sections respectively.  

In particular, the transversal seismic response of the tunnel due to upward travelling SH or 
SV waves is evaluated under quasi-static conditions, applying the induced on the tunnel 
cross section and the surrounding soil free field seismic ground deformations, which are 
calculated independently through a 1D equivalent linear analysis (EQL). Different tunnel 
cross sections, input motions and soil profiles are employed. Defining the damage levels 
according to the exceedance of strength capacity of the most critical sections of the tunnel, 
the fragility curves could be constructed, as a function of the level and the type of the 
seismic excitation, considering the related uncertainties. The general flowchart of the 
procedure is illustrated in fig. 4.3 (Argyroudis 2010). 

 Tunnel typology 
Basic models 

Soil type  
Typical soil profiles (P)

Seismic input motion 
Accelerograms (A), intensity levels (S) 

1D equivalent linear analysis of 
the soil profiles - input motions 

models (PxAxS) 

Quasi static response 
of the soil-tunnel 

models 

Soil deformations and soil 
stiffness parameters 

Damage index (DI), 
damage states (ds), 
thresholds values of 

DI for each ds 

Evolution of damage with intensity 
measure (IM), median threshold value 

of IM for each ds 

Fragility curves            
for each tunnel and soil type 

Uncertainties                 
(seismic demand, tunnel 

capacity, definition of DI and ds) 

 
Fig. 4.3 General flowchart of the procedure for deriving numerical fragility curves for 

tunnels in alluvial deposits. 

Definition of damage states  

The damage states of already existing empirical fragility curves for tunnels are based on a 
qualitative damage description from past earthquakes. Although various damage indexes 
and related parameters have been proposed for the fragility analysis of buildings and 
bridges, no such information is available for tunnels. In the present approach the damage 



D3.7 - Fragility functions for roadway elements 
 

33 

 

index (DI) is defined as the ratio between the actual (M) and capacity (MRd) bending 
moment of the tunnel cross section. A definition based on moments is compatible with the 
use of displacements, according to the equal displacement approximation. In line with other 
approaches, it is assumed that the tunnel’s behavior is approximated to that of an elastic 
beam subjected to deformations imposed by the oscillating surrounding ground due to 
seismic waves propagating perpendicular to the tunnel axis (Hashash et al 2001). The actual 
bending moment (M) is calculated as the combination of static and seismic loads. The 
capacity of the tunnel is estimated based on material and geometry properties of the beam 
considering the induced static and seismic axial forces (N) and bending moments (M).  

According to previous experience of damages in tunnels and applying engineering judgment, 
four different damage states are considered due to ground shaking. They refer to minor, 
moderate, extensive and complete damage of the tunnel lining and they are described in 
Table 4.8. Although the proposed limits of damage index are not yet fully documented, they 
give a realistic description for the expected damage. 

Table 4.8. Definition of damages states for tunnel lining. 

 

 

 

 

 

 

 

Tunnel sections  

Two typical modern designed tunnel sections are considered, a circular (bored) tunnel with a 
10m diameter and a rectangular (cut and cover) one-barrel frame with dimensions 16x10m. 
The lining of the circular tunnel is composed of 0.50m thick precast concrete segments, 
while that of the rectangular tunnel is composed by 0.9m thick side concrete walls, 1.2m 
thick roof slab and 1.4m thick base slab. The upper points of the circular and rectangular 
section are in a depth of 10m and 3.5m respectively. The concrete material is characterized 
by the following linear elastic parameters: Young’s modulus E=30.5GPa, Poisson ratio ν = 
0.2. 

Seismic input motions 

Records from different earthquakes, in soil conditions similar to soil class A of Eurocode 8, 
were selected as input motion in outcrop conditions for the 1D ground response analyses 
(Table 4.9). The mean acceleration spectrum of the selected input signals is plotted together 
with the EC8 spectra for soil class A in fig. 4.3. The time histories are scaled from 0.1 to 0.7g 
in order to calculate the induced stresses in the tunnel for gradually increasing level of 
seismic intensity. In particular, for amplitudes equal or lower to 0.3g, the first four records 
were used, while for amplitudes greater of 0.3g the next six records were applied. This 
distinction was made in order to scale the real records to amplitudes as much as possible 
consistent with their frequency characteristics. 

 

Damage state 
(dsi) 

Range of damage 
index (DI) 

Central value of 
damage index 

ds0. None  Μ/ΜRd ≤ 1.0 - 
ds1. Minor/slight 1.0< Μ/ΜRd ≤ 1.5 1.25 
ds2. Moderate 1.5< Μ/ΜRd ≤ 2.5 2.00 
ds3. Extensive 2.5< Μ/ΜRd ≤ 3.5 3.00 
ds4. Collapse Μ/ΜRd > 3.5 - 
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Table 4.9. Selected records applied to the bedrock of the soil profiles. 

Record station Earthquake Magnitude 
Μw  

Epicentral 
distance 

(km) 

PGA  
(g) 

Predominant 
period (sec) 

1 ΟΤΕ Kozani, 1995 6.5 17.0 0.142 0.50 
2 Kypseli Parnitha, 1999 6.0 10.0 0.120 0.43 
3 Gebze Kocaeli, 1999 7.4 41.8 0.218 1.06 
4 Cubbio-Piene Umbria-Marche, 1998 4.8 18.0 0.235 1.08 
5 Hercegnovi Novi Montenegro, 1979 6.9 65.0 0.256 0.74 
6 Sturno Campano Lucano, 

1980 
7.0 32.0 0.323 2.30 

7 Gilroy1 Loma Prieta, 1989 6.9 28.6 0.440 0.37 
8 Griffith Park Observ. Northridge, 1994 6.7 25.4 0.289 0.10 
9 Whitewater Trout Farm Palm Springs, 1986 6.2 7.3 0.517 0.52 

0 1 2 3 4 5
T(sec)
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S
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A
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Fig. 4.4 Mean acceleration spectra of the input time histories for the 1D ground 

response analyses and comparison with the spectrum provided by EC8 (soil type A). 

Soil profiles 

Fourteen ideal soil deposits were considered, corresponding to soil types B, C and D of 
Eurocode 8 (EC8 2004), ranged according to the shear wave velocity (Vs30) values (fig. 4.4). 
Three different thicknesses were assumed, equal to 30m (profiles: B30sand, B30clay, 
C30sand, C30clay, D30sand, D30clay), 60m (profiles: B60a, C60a, D60a, B60, C60, D60) 
and 120m (profiles: B120, C120). Typical values of the different soil properties were selected 
for each soil layer. The 60m and 120m profiles constitute of a surface 5m thick sand layer 
overlaying clay layers, while the 30m profiles consist solely of sand or clay.  
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Fig. 4.5 Variation of shear wave velocities of the examined soil profiles. 

Estimation of the imposed seismic ground displacements 

The imposed quasi-static seismic ground displacements have been computed using a 1D 
EQL approach with the code EERA (Bardet et al 2000), assuming an equivalent linear 
elastic soil behavior. The variations of shear modulus G/Go and damping ratio D with the 
shear strain level γ were defined according to the available data in the literature as a function 
of plasticity index and effective stress (Darendeli 2001). Curves with PI=30% for clay and 
PI=0% for sand materials were selected in this study (fig. 4.5). For the seismic bedrock, the 
curves proposed by Schnabel et al (1972) were applied.  
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Fig. 4.6 Shear modulus reduction (G/Gmax) and variation of damping ratio (D) with 

shear strain (γ).  

Each soil profile is discretised by appropriate number of layers varying from 2.5 to 10m thick. 
In the iterative procedure, the ratio of effective and maximum shear strain is assumed equal 
to 0.65. The cumulative displacements in each soil layer and depth were estimated for each 
soil profile and input motion, based on the computed peak shear strain versus depth. These 
peak displacements’ profiles are imposed on the lateral boundaries of the plain strain soil 
model in order to estimate the response of the tunnel lining under quasi-static conditions. 

The computed variation of G versus depth was also used to evaluate the corresponding 
modulus of elasticity (E) of each soil layer, which is used in the quasi static analysis of 
tunnel. In particular, an average value of E is calculated for each soil layer based on the 
average values computed for the different input motions. Figure 4.6 shows a typical example 
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of the computed ground response in terms of maximum acceleration amax, normalized shear 
stiffness G/Gmax, peak shear strain γmax, and cumulative displacement Dn. The computed 
PGA value at the surface of each soil profile is selected as the representative parameter of 
the seismic intensity in the fragility curves. 
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Fig. 4.7 Example of 1D ground response analysis results with EERA and estimation of 

displacements versus depth (Soil profile: C60, Input motion: Montenegro, 0.5g for 
outcrop conditions). 

2D FE Numerical analyses 

The response of the tunnel is calculated under quasi-static conditions applying the induced 
free field cumulative displacements, which were calculated through the 1D EQL analysis. A 
plane strain ground model with the tunnel cross section is simulated using the finite element 
code PLAXIS 2D (Plaxis 2002). The lateral extent of the model is properly selected in order 
to simulate the soil structure interaction and to avoid boundary effects. Based on sensitivity 
analysis it was found that a distance equal to three times the diameter of the circular section 
(i.e. 30m) from both sides of the tunnel axis is adequate for the analysis. 

The side boundary conditions were fixed in the vertical direction and free to move in the 
horizontal direction, while the nodes at the bottom of the mesh were fixed in both directions. 
Prior to the application of the imposed displacement, a set of initial static analyses was 
performed to properly model the initial static conditions, the excavation of the tunnel and the 
construction of the lining. The circular tunnel excavation was simulated through the 
volumetric contraction of the tunnel section corresponding to volume loss equal to 0.2-0.5% 
for soil type B and 1% and 2% for the soil types C and D respectively.  

The behaviour of the tunnel lining was assumed to be linear elastic, while the soil was 
characterized by a Mohr-Coulomb yield criterion for all the stages of the analysis. Strain 
compatible soil shear stiffness moduli, are used for the quasi-static analysis. Figure 4.7 
shows a representative example of the tunnel response after imposing the shear ground 
displacements. 
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Mmax=-84.3 kNm/m 

 
Mmax= 1480 kNm/m 

Deformed Mesh
Extreme total displacement 43.07*10-3 m

(displacements scaled up 100.00 times)  
a) 

 
Nmax=-692.7 kN/m 

b) 

Axial forces
Extreme axial force -1.06*103 kN/m  

Nmax=-1060 kN/m 
c) 

Fig. 4.8 Example of 2D analysis results: deformed mesh (a), total moment and axial 
forces of the circular (b) and rectangular (c) tunnel lining (Soil profile: B60a, Input 

motion: Kypseli, 0.3g). 

Results and derivation of fragility curves 

The derivation of fragility curves (i.e. the definition of the median threshold value of PGA for 
each damage state) is based on the construction of diagram of the computed damage 
indices versus PGA at the ground surface according to the definitions of Table 4.8. The 
diagram is estimated by linear regression analysis, considering the natural logarithm of the 
damage index (LnDI) as the dependent and PGA as the independent variable. Similar 
approaches are used in the literature (e.g. Karim and Yamazaki 2003; Choi et al 2004; 
Nielson and DesRoches 2007; Pinto 2007).  Examples of the evolution of damage with PGA 
are given in Figure 4.8 for the two tunnel sections, where an average linear regression is 
fitted to the data set, bounded by the corresponding standard deviation.  

A lognormal standard deviation (βtot) that describes the total variability associated with each 
fragility curve has to be estimated (§3.2.4). Due to the lack of a more rigorous estimation, for 
the uncertainty associated with the definition of damage states (βds) a value equal to 0.4 is 
assigned following the approach of HAZUS (NIBS 2004) for buildings; the uncertainty due to 
the capacity (βC) is assigned equal to 0.3 according to analyses for bored tunnels of BART 
system (Salmon et al. 2003). The last source of uncertainty, associated with seismic 
demand, is described by the average standard deviation of the damage indices that have 
been calculated for the different input motions at each level of PGA. The total variability is 
calculated based on Eq. 2. 

The parameters of the lognormal distribution in terms of median and standard deviation are 
described in tables 4.10 and 4.11. The sets of derived fragility curves for each soil type (B, C 
and D) are given in Figures 4.9 and 4.10 for the circular and rectangular tunnel section 
respectively. Comparing the fragility curves derived for the three soil types, it is noted that for 
the same PGA in both tunnel types the vulnerability is gradually increasing from soil type D 
to C and from soil C to D. The fragility curves for extensive damages for soil type B in both 
tunnel sections, and for soil type D in case of rectangular tunnel, (dashed lines), are derived 
based on extrapolation of the available computation results. The extrapolated values of 
damage index for the extensive damages could be attributed to several reasons, i.e. higher 
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stiffness in case of soil class Β and predominance of non-linear soil behavior and internal 
damping expected in the case of soil class D.  

A practical consequence of these observations is that the probability of extensive damages 
is very low for circular tunnels in stiff soils, even for very important ground accelerations. The 
same is expected for rectangular tunnels in soft soils. Comparing the fragility curves derived 
for the two tunnel types, it is observed that the rectangular shallow tunnel, constructed with 
cut and cover, is more vulnerable than the circular, normally bored, tunnels, for all soil types. 
The higher standard deviation values are estimated in the case of the circular section in soil 
type C and D, which reflects the variability in the results in terms of PGA at the surface and 
damages indices values. 
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Rectangular tunnel - Soil type: B
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Fig. 4.9 Examples of the evolution of damage with intensity measure (PGA at the 
ground surface) for circular and rectangular metro/urban tunnel cross-sections.  
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Table 4.10 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 4.11 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. 4.10 Fragility curves for circular (bored) metro/urban tunnel section (dashed 

curve derived by extrapolation of numerical results). 
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Fig. 4.11 Fragility curves for rectangular (cut and cover) metro/urban tunnel section 

(dashed curves derived by extrapolation of numerical results). 
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Comparison between numerical and empirical fragility curves 

The numerically derived fragility curves are compared with the empirical ones that are 
proposed by ALA (2001) based on observed damage data in tunnels from past earthquakes 
(fig. 4.11). In these empirical curves PGA values have been estimated using available 
ground motion prediction equations, with all the uncertainties associated to these models. 
Moreover, the database includes tunnels of various functions (i.e. highway, transit, railroad, 
water supply and communications). They are classified as tunnels in rock and tunnels in soil, 
and for poor-to-average and good construction practices and maintenance conditions. 
Finally, the definition of the damage states is qualitative, based mainly on the extent of the 
observed cracking of the tunnel liner and independently of the type of damage producing 
these cracking; for example cracking due to transversal stressing is not differentiated from 
cracking in the longitudinal axis.  
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Fig. 4.12 Comparison between numerical and empirical (ALA, 2001) fragility curves for 

circular (up) and rectangular (down) tunnel cross section. 

In the present comparison, the numerical fragility curves are compared with the empirical 
fragility curves for alluvial (soil) and cut and cover tunnels with good quality construction.  
For this type of tunnels no empirical curves are provided for extensive damages, which is 
consistent with the numerical results. In particular, the threshold PGA values for extensive 
damages are very high or they are estimated based on extrapolation of the numerical results 
since the computed damage indexes are low, as it is described in the previous section.  

The role of the soil conditions is to important to be neglected. The numerical fragility curves 
are seriously modified with the soil conditions, contrary to the empirical curves, which are 
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rather describing an average response of the tunnels independently of soil conditions. 
Therefore, the empirical curves may over or underestimate the probability of damage. It is 
also interesting to remark that the empirical curves are well compared with the numerical 
ones for soil types C or D. This is due to the fact that the majority of damages have been 
reported in “moderate” and “poor” soil conditions that correspond to soil type C and D. 

It is noted here that the median PGA values for rock tunnels (Table 4.7), which have been 
derived based on empirical data (ALA 2001) appeared to be in some cases lower than the 
corresponding ones for metro tunnels in alluvial soil of type B (Table 4.10). This 
inconsistency can be attributed to the fact that in the numerical analyses of tunnels in 
alluvial, only the transverse direction has been studied, while in the empirical database and 
curves all types of damages are included (in transverse and longitudinal axis, in portals etc). 
Moreover, the typology of ALA curves (good or poor to average construction and conditions) 
is generalized, and includes different types of tunnel conditions, depths and types (metro, 
railway, water, road, telecommunication etc), while in the present numerical analyses one 
type of modern designed metro tunnel in a certain depth has been considered. Therefore, 
the two approaches are not compatible and comparable.  

4.2.3 Development of fragility curves for embankments (road on) 

New analytical fragility curves for embankments (road on) and trenches (road in) are 
developed. The response of  the system is evaluated based on dynamic analyses due to an 
increasing level of seismic intensity following the general procedure that is briefly described 
in §3.2.4.  

Description of the embankment and soil properties 

The layout of the embankment and soil is shown in fig. 4.12. Two different heights for the 
embankment (2.0, 4.0m) and underlying soil (40.0, 60.0m) are considered. The properties of 
the embankment material are described in table 4.12. Four different soil models are 
considered corresponding to soil type C and D according to Eurocode 8 (EC8). The 
parameters of the soil material are described in table 4.13. 

SoilH

h

Bedrock EQ
 

H [m] h [m] EQ [g] 
40.0,  60.0 2.0,  4.0 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 

Fig. 4.13 Geometry of the embankment under study. 
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Table 4.12  Fill material parameters for embankment.  

Parameter Gravel 
Material model Mohr coulomb 

Type of behavior Drained 
Soil weight, γ [kN/m3] 19 

Shear velocity, vs [m/s] 155 
Young’s modulus, E [MPa] 110 

Poisson’s ratio, ν [-] 0,3 
Cohesion, c [kPa] 4 
Friction angle, ϕ [0] 38 

Dilatancy angle, ψ [0] 0 

Table 4.13 Ground soil parameters.  

Ground types  D1 D2 C1 C2 
Soil behavior  Undrained 

 Static conditions 
Su[kPa] 20 50 80 150 
γ [kN/m3] 18 18 18 18 

 Dynamic conditions 
Vs [m/s] 104 165 210 286 
G [MPa] 20 50 80 150 

ν 0.3 0.3 0.3 0.3 
E [MPa] 52 130 208 390 

Damping ratio, ζ (%) 5 5 5 5 

 

Seismic input motion 

Two real records in stiff soil are employed as input motion for the dynamic analyses (fig. 
4.13): 

EQ1: Friuli, 1976, (Tarcento) 

EQ2: Kocaeli 1999, (Gebze) 

EQ1 is used in all models, while EQ2 is applied only in the models with ground depth 
H=40m. The time histories are scaled from 0.1 to 0.5g in order to calculate the response of 
the embankment due to an increasing level of seismic intensity. 
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Fig. 4.14 Input motions used in the embankment dynamic analyses 

2D FE numerical analysis 

The numerical analyses were performed with the finite element code PLAXIS 2D v9.02 
(Plaxis 2008), a two-dimensional (plane strain and axi-symmetric) FE code. In the dynamic 
analyses the bottom of the mesh was assumed to be rigid and the lateral sides were 
characterized by absorbent standard plaxis earthquake boundaries. The mesh employed in 
the study is shown in fig. 4.14 and further details are given in table 4.14. The total width of 
the model is equal to 500m, which is sufficiently to avoid boundary effects.  

Representative outputs of the 2D dynamic analyses are given in appendix B. 

 

 

 

 
Fig. 4.15 Finite element mesh used in the analyses of embankment. 



D3.7 - Fragility functions for roadway elements 

46  

 

Table  4.14  Summary of the mesh information of the embankment models 

Ground depth H [m] 40 60 
Embankment height  h [m] 2 4 2 4 

No of elements 1036 940 972 989 
No. of nodes 8613 7837 8089 8219 

No. stress points 12432 11280 11664 11868 
Average element size [m] 4.93 5.3 7.14 7.2 

 

Results and derivation of fragility curves 

The damage states are defined based on the range of the permanent ground displacement 
(PGD) on the embankment (table 3.8).  
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Embankment Height: 4m, Soil types: C
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Fig. 4.16 Evolution of damage (permanent displacement on the embankment) with 

intensity measure (PGA) for soil types C. 
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The derivation of fragility curves (i.e. the definition of the median threshold value of PGA for 
each damage state) is based on the construction of diagram of the computed damage 
indices (maximum total PGD on embankment) versus PGA at the ground surface, which 
represents the evolution of damage with increasing earthquake intensity. The diagram is 
estimated by linear regression analysis, considering PGD as the dependent variable and 
PGA as the independent variable. The median threshold value of PGA can be obtained for 
each damage state based on the aforementioned diagram and the definitions given in Table 
3.8. A lognormal standard deviation (β) that describes the total variability associated with 
each fragility curve has to be estimated. Due to lack of a more rigorous estimation, a value 
equal to 0.7 is assigned following the approach of HAZUS (NIBS 2004) for roads.  

Figures 4.16 and 4.16 show the PGD-PGA diagrams for the soil profiles of type C and D and 
the two heights  of embankment (2, 4m). In each diagram the two ground depths (40, 60m) 
and the two ground types (C1, C2 and D1, D2) are grouped together. The estimated 
parameters and the corresponding fragility curves are illustrated in Table 4.15 and Figures  
4.17 and 4.18.  
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Fig. 4.17 Evolution of damage (permanent displacement on the embankment) with 
intensity measure (PGA) for soil types D. 
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Table 4.15 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 0.33 0.31 0.20 0.15 
Moderate  0.54 0.54 0.42 0.31 
Extensive 0.89 0.92 0.77 0.58 
Complete 1.84 1.95 1.71 1.29 

0.7 
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Fig. 4.18 Fragility curves for embankment, h=2 and 4m, soil type C. 
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Fig. 4.19 Fragility curves for embankment, h=2 and 4m, soil type D. 
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4.2.4 Development of fragility curves for trenches (road in) 

The procedure that is described in the previous section (embankments) is followed 
hereinafter for the development of numerical fragility curves for road trenches. The layout of 
the trench model is shown in fig. 4.19. The soil materials and input motions described in 
table 4.13 and fig. 4.14 respectively are applied. In particular, trench heights (h) equal to 2 
and 4m and ground depths (H) equal to 20, 40, 60 m are considered for soil types D, while 
for soil types C trench heights equal to 4 and 6m and ground depths equal to 40 and 60 are 
applied. The EQ1 input motion is used in all models, while EQ2 is applied in the models with 
ground depth H=40m. The mesh employed in the study is shown in fig. 4.20 and further 
details are given in table 4.16. 

Representative outputs of the 2D dynamic analyses are given in appendix B. 

SoilH

h

Bedrock EQ
 

H [m] h [m] EQ [g] 
20.0, 40.0,  60.0 2.0,  4.0, 6.0 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 

Fig. 4.20 Geometry of the trench under study. 

 

 
Fig. 4.21 Finite element mesh used in the analyses of trenches 

 

 



D3.7 - Fragility functions for roadway elements 

50  

 

Table  4.16  Summary of the mesh information of the trench models 

Ground depth H [m] 40 60 
Trench height  h [m] 2 4 6 2 4 

No of elements 896 881 884 1011 990 
No. of nodes 7497 7375 7401 8403 8233 

No. stress points 10752 10572 10608 12132 11880 
Average element size [m] 5,19 5,24 5,22 6,89 6,96 

 

Results and derivation of fragility curves 

The diagrams showing the evolution of damage (PGD on trench) with PGA at the ground 
surface are compiled for the two soil types (C: C1, C2 and D: D1, D2) and the different 
trench heights (2, 4, 6 m) based on the results of the numerical analyses (fig. 4.21, 4.22). 
The median threshold values of PGA are obtained for each damage state based on the 
aforementioned diagram and the definitions given in Table 3.8. Due to lack of a more 
rigorous estimation, a value equal to 0.7 is assigned following the approach of HAZUS (NIBS 
2004) for roads. The present results are also merged in two sets of fragility curves, 
combining all the results for soil type C and D.  

The estimated parameters and the corresponding fragility curves are illustrated in Table 4.17 
and Figures 4.23, 4.24, 4.26.  

Table 4.17 Parameters of numerical fragility curves for trenches. 

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

h= 6m h= 4m h= 2m h= 4m 

Lognormal 
standard 

deviation (β) 

Minor 0.24 0.24 0.11 0.07 
Moderate  0.34 0.37 0.20 0.10 
Extensive 0.50 0.59 0.34 0.15 
Complete 0.95 1.16 0.73 0.28 

0.7 

 Soil type C Soil type D 
Minor 0.25 0.18 

Moderate  0.40 0.25 
Extensive 0.60 0.40 
Complete 1.20 0.80 

0.7 
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Trench Height: 4m, Soil types: C
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Trench Height: 6m, Soil types: C
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Fig. 4.22 Evolution of damage (permanent displacement on trench) with intensity 

measure (PGA) for soil types C. 
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Trench Height: 2m, Soil types: D
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y = 4657.0x - 246.9

0

1000

2000

3000

4000

5000

6000

0.0 0.1 0.2 0.3 0.4 0.5 0.6

PGA  surface (g)

To
ta

l P
er

m
an

en
t G

ro
un

d 
D

is
pl

ac
em

en
(m

m
)

 
Fig. 4.23 Evolution of damage (permanent displacement on trench) with intensity 

measure (PGA) for soil types D. 
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Trench, Soil types: C 
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Fig. 4.24 Fragility curves for trench, h=6 and 4m, soil type C. 
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Fig. 4.25 Fragility curves for trench, h=2 and 4m, soil type D. 



D3.7 - Fragility functions for roadway elements 

54  

 

Trench ‐ Soil types: C 
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Fig. 4.26 Fragility curves for trench, soil type C and D. 
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4.2.5 Development of fragility curves for slopes (road on) 

The approach proposed in European project SAFELAND for roads on slopes is adapted 
(Pitilakis et al 2010). In SAFELAND, the existing HAZUS (NIBS, 2004) fragility functions for 
roads are modified (Table A.5). In particular, the HAZUS fragility curves are modified as a 
function of peak ground acceleration (PGA), considering the characteristics of the slope (i.e. 
yield coefficient, ky), using the Bray and Travasarou (2007) model. The latter relates the 
seismic permanent ground displacement with PGA for the Newmark rigid sliding block case 
(Ts=0): 

ln(PGD) = - 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                     (Eq.3)  

where 

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

PGD: seismic displacement;  

ky: yield coefficient (i.e., the seismic coefficient that brings the slope to a factor of safety of 
one in a pseudostatic analysis). As an example ky can be calculated based on Bray et al 
(1998). 

M: earthquake magnitude  

ε: normally distributed random variable with zero mean and standard deviation σ=0.67. 

In the present report, the damage states and thresholds that are defined in Table 3.8 are 
used, in order to produce fragility curves for slopes, based on the aforementioned approach. 
The median PGA values of each fragility curve are estimated based on Eq. 3, while the 
standard deviation parameters (β) that are proposed in SAFELAND for urban roads are 
considered. Fragility curves are provided (Table 4.18) 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, extensive and complete damage 
states in figure 4.25. 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.  

It is noted here that in some cases the proposed threshold PGA values for road on slopes 
appeared to be higher than the corresponding values for roads in trenches (table 4.17) (i.e. a 
road in a trench is more vulnerable than a road on the top of a slope). This inconsistency is 
attributed to the different approaches. The fragility of trenches is based on numerical 
analyses while the fragility curves of slopes are based on an empirical relationship between 
PGD and PGA, considering the yield acceleration, ky, as a typological feature. Moreover, the 
numerical analyses for embankments/trenches are preliminary and they will be extended in 
the next period, which is expected to improve the results. 
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Table 4.18.  Proposed parameters of fragility curves for roads on slope. 

 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 0.16 0.30 0.55 0.80 
moderate 0.28 0.48 0.85 1.20 
extensive  0.40 0.68 1.18 1.64 
complete 0.66 
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Road on slope  - Extensive damage state
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Fig. 4.27 Fragility curves at various damage states and different yield coefficients (ky) 

for roads on slope. 
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4.2.6 Validation of fragility curves for road pavements (ground failure) 

A validation of the existing HAZUS (NIBS 2004) fragility functions is performed in the 
following, based on damage observations in road pavements during past earthquakes in 
Greece (fig. 4.28 ). These curves  resulted from a combination of expert judgmental models 
and empirical models (Giovinazzi and King, 2009). They are defined with respect to road 
classification and ground failure parameter. The latter is quantified in terms of permanent 
ground displacement (PGD) due to landslides, liquefaction and fault rupture. The 
aforementioned curves are the only available in the literature, they have shown to give in 
most cases a realistic assessment of the expected damage level (Azevedo et al, 2010). Two 
different types of curves are given, for roads with two traffic lanes (urban roads) and roads 
with four or more lanes (major/highway roads) (fig. 4.27). The damage states and the 
parameters of the fragility curves are described in Table A.5.  

The estimated by the fragility curves damages are compared with the observed ones. The 
records are referred in roads with one or two traffic lanes, where settlement or lateral 
spreading due to ground failure was occurred, resulted to cracking of the pavement. The 
exceedance and occurrence probability of each damage state is calculated for the given 
range of permanent ground displacement using the parameters of the fragility curves (Table 
4.19). The damage state with the highest probability of occurrence is compared with the 
observed damage. Despite the limited number of cases, the results indicate a good 
agreement between the estimated and observed damage states. Therefore, the existing 
fragility curves for two traffic lanes, which is the common case in urban areas, considered as 
adequate and reliable.  
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Fig. 4.28  Fragility curves for road pavements subjected to ground failure. 
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Table 4.19 Validation of existing fragility curves for road pavements due to permanent 
ground displacement based on observed damages. 

# Earthquake  Location PGD (m) 
(Reference) 

Observed damage/ 
cracking width (m)  

Functionality 
level 

a Lefkas, 2003 
M=6.4 

Golemi street 0.22-0.35 
(Kakderi et al 2006) 

Minor/ 
 0.15-0.20 

Open /        
reduced speed

b Lefkas, 2003 
M=6.4 

Sikelianou 
street 

0.05-0.08 
(Kakderi et al 2006) 

None-Minor/  
0.05 

Open  

c Lefkas, 2003 
M=6.4 

Marina 0.14-0.20 
(Kakderi et al 2006) 

None-Minor/         
0.05-0.40 

Open 

d Lefkas, 2003 
M=6.4 

Entrance 
channel 

0.10-0.17 
(in situ) 

Minor /  
0.10 

Open 

e Lefkas, 2003 
M=6.4 

Coastal road in 
Vasiliki 

0.18  
(in situ) 

Minor/  
0.15-0.20 

Open 

f Kozani, 1995 
M=6.6 

Approach road 
to Rimnio 

bridge  

0.30-2.00 
(Tika et al 1997) 

Moderate-extensive/ 
1.0-2.0 

Closed 

g Achaia-Ilia, 
2008, M=6.5 

Coastal road in 
Vrahneika 

0.05 
(Papathanassiou et 

al 2008) 

None-minor/ 
0.03-0.07 

Open 

h Achaia-Ilia, 
2008, M=6.5 

Road to 
Alissos  

0.25  
(in situ) 

Moderate/ 
0.25 

Closed 

Table 4.19 (cont’d). 

Estimated probability of  
exceedance (%)  

Estimated probability of                       
occurrence (%) 

# 

Minor Moderate Extensive/
Complete 

None  Minor Moderate Extensive/
Complete 

a 70.8- 88.7 32.9- 58.7 7.6- 22.1 29.2-11.3 37.9- 30.0 25.3-36.6 7.6-22.1 
b 5.8- 18.5 0.5- 2.9 0.0-0.2 94.2- 81.5 5.3-15.6 0.5- 2.7 0.0- 0.2 
c 46.1- 66.0 13.8- 28.1 1.9- 5.8 53.9- 34.0 32.3- 37.9 11.9-22.3 1.9- 5.8 
d 28.1- 57.1 5.8-20.9 0.5- 3.6 71.9- 42.9 22.3- 36.2 5.3-17.3 0.5- 3.6 
e 60.3 23.3 4.3 39.7 37.0 19.0 4.3 
f 83.9-100.0 50.0- 99.7 16.1- 95.7 16.1-0.0 33.9- 0.3 33.9- 4.0 16.1- 95.7 
g 5.8 0.5 0.0 94.2 5.3 0.5 0.0 
h 76.7 39.7 10.6 23.3 37.0 29.1 10.6 
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Fig. 4.29 Damage to roads due to ground failure in past earthquakes in Greece.  

 a 
Earthquake: Lefkas, 14/8/2003, M=6.4 
Location: Golemi street-City of Lefkas 

 b 
Earthquake: Lefkas, 14/8/2003, M=6.4 

Location: Sikelianou street -City of Lefkas 

 c 
Earthquake: Lefkas, 14/8/2003, M=6.4 

Location: Road in Marina of Lefkas 

 d 
Earthquake: Lefkas, 14/8/2003, M=6.4 

Location: Road in channel entrance from Aktio to Lefkas 

 e 
Earthquake: Lefkas, 14/8/2003, M=6.4 

Location: Coastal road in Vasiliki 

 f 
Earthquake: Kozani, 13/5/1995, M=6.6 

Location: Approach road to Rymnio bridge 

 g 
Earthquake: Peloponnisos, 8/7/2008, Μ=6.5 

Location: Coastal road in Vrahneika 

 h 
Earthquake: Peloponnisos, 8/7/2008, Μ=6.5 

Location: Road to Alissos 
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4.2.7 Development of fragility curves for bridge abutments 

New analytical fragility curves for bridge abutment-approach fill system are developed. The 
response of  the abutment is evaluated based on dynamic analyses due to an increasing 
level of seismic intensity following the general procedure that is briefly described in §3.2.4.  

Description of the abutment  

A representative and simplified bridge abutment geometry is considered for the analysis (fig. 
4.29). Two different heights are considered, equal to 6.0 and 7.5m. The bridge deck is 
supported by the abutment on bearings, so it doesn’t receive horizontal forces. A vertical 
load equal to 200kN is applied on the top of abutment, in order to simulate the total load of 
the deck.  

t2

t3

L

h

Backfill

Bedrock

SoilH

t1

200kN

EQ

Bridge deck

 

L [m] h [m] H [m] t1 [m] t2 [m] t3[m] γb [kN/m3] E [kN/m2] 
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50.0 
50.0 
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1.5 
2.5 

24.0 3.5E+07 

Fig. 4.30 Properties of the abutment under study. 

Seismic input motion 

Real records from different earthquakes, in soil conditions similar to soil class A (rock) or B 
(stiff soil) of Eurocode 8, were selected as input motion in outcrop conditions for the 1D 
ground response analyses. The earthquakes are:  

o Kocaeli (Gebze), Turkey, M=7.4, 1999 

o Hector Mine (Hector), USA, M= 7.1, 1999 
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o Parnitha (Kypseli), Greece, M=6, 1999 

o Loma Prieta (Diamond Height), USA, M=6.9, 1989 

o Umbria Marche (Cubbio-Piene), Italy, M=4.8, 1998 

The mean acceleration spectrum of the selected input signals, bounded from the 
corresponding standard deviation, is plotted together with the EC8 spectra for soil class A in 
Figure 4.30. The time histories are scaled from 0.1 to 0.5g in order to calculate the response 
of the backfill-abutment due to an increasing level of seismic intensity. 
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Fig. 4.31 Mean acceleration spectra +-1standard deviation of the input time histories 
for the 1D ground response analyses and comparison with the spectrum provided by 

EC8 (soil type A). 

Soil profiles 

Two ideal soil deposits of 50m were considered for the numerical analyses, corresponding to 
soil type C and D according to the proposed by Eurocode 8 range of shear wave velocity 
(Vs30) values (Fig. 4.31). In particular, the variation of Gmax is estimated as Gmaxn = A·Sun 

(where A= 1000 for soil type C and 800 for soil type D) assuming an initial value for the 
undrained shear strength at the top layer Su0 (50kPa for soil type C and 20 kPa for soil type 
D), while the Su for the next layers is defined as Sun=Su0+0.25σvn’. Typical values of the soil 
properties were selected (v=0.35, γ=19-19.5kN/m3 for soil type C, γ=18-18.5kN/m3 for soil 
type D). The backfill is a sandy material (v=0.30, γ=18.0 kN/m3, φ=36), descritized in 4 
layers with Vs values ranging from ~75m/s at the top layer to 140m/s at the bottom layer.  
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Fig. 4.32 Variation of shear wave velocities and Gmax with depth of the examined soil 

profiles: type C (up) and type D (down). 

1D equivalent linear ground response analysis 

The 1D ground response analyses are performed using the code EERA (Bardet et al 2000), 
which is based on the assumption of equivalent linear elastic soil behaviour. The variation of 
shear modulus G/Go and damping ratio D with the shear strain level γ was defined 
according to available in the literature typical results as a function of plasticity index and 
effective stress (Darendeli 2001). The curves with PI=30% were selected in this study. For 
the seismic bedrock, default curves that are included in EERA were used (fig. 4.32).  

A total number of 14 layers were assumed to discretise the 50m profile: 8 layers of 2.5m 
thickness followed by 6 layers of 5m. In the iterative procedure, the ratio of effective and 
maximum shear strain is assumed equal to 0.65. As an example, fig. 4.33a,b shows the 
computed results for the input motion Kypseli scaled at 0.1g, in terms of maximum shear 
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strain γmax, normalized shear stiffness G/Gmax, damping ratio D and maximum acceleration 
PGA with depth for the two soil profiles. 
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Fig. 4.33 Modulus reduction curves G/Gmax and variation of damping ratio D with 
shear strain for PI=30%, a) σ0’=0.25 atm, b) σ0’=1.0atm,  c) σ0’=4.0atm and d) for rock. 
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Fig. 4.34a Results of the 1D ground response analysis performed with EERA: Kypseli - 

0.1 for soil profile type C. 
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Fig. 4.34b Results of the 1D ground response analysis performed with EERA: Kypseli 

- 0.1 for soil profile type D. 

A calibration procedure is followed in order to account for the dependency of both stiffness 
and damping on the strain level. The results from all the 1D analyses for 0.1g are employed. 
For each layer of the numerical FE model a single value of G is estimated based on the 
average computed G/Gmax ratio, which is estimated equal to 0.683 for soil type C and 0.546 
for soil type D (fig. 4.34). The average αR and βR Rayleigh coefficients are computed based 
on the average value of Damping for all layers. In the present study these two coefficients 
are chosen for the frequency interval 1.4-4.2Hz in case for the soil profile C and 1.0-3.0Hz 
for the soil profile D, covering the first and second mode of the soil profile. In particular for 
soil type C, the average value of damping is 5.7% and the corresponding Rayleigh 
coefficients are αR = 0,7475 and βR = 0,00322, while for soil type D the average value of 
damping is 8.5% and the corresponding Rayleigh coefficients are αR = 0,80469 and βR = 
0,00679. 
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Fig. 4.35 Average computed values of G with depth for soil type C (left) and D (right). 
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2D FE numerical analysis 

The coupled numerical analyses were performed with the finite element code PLAXIS 2D 
v9.02 (Plaxis 2008), a two-dimensional (plane strain and axi-symmetric) FE code. In the 
dynamic analyses the bottom of the mesh was assumed to be rigid and the lateral sides 
were characterized by absorbent standard plaxis earthquake boundaries.  

The mesh employed in the study is shown in fig. 4.35. The total width of the model is equal 
to 500m, which is sufficiently to avoid boundary effects. The domain was discretised in a 
total number of 2702 15-node plain strain triangular elements. In the area around the 
abutment the mesh is more detailed. Similar to the descritisation of the 1D ground response 
analyses, the domain of the soil under the abutment was partitioned into 14 horizontal layers 
to account for variable stiffness with depth. The backfill was portioned in 4 horizontal layers. 

All analyses were carried out performing a set of initial static stages to simulate the initial 
weight, the installation of the abutment and the backfill and the calculation of the safety 
factor, followed by the dynamic stages, where the seismic input is applied at the bottom of 
the mesh. All the phases of the analysis were characterized by the assumption of elasto-
plastic soil behaviour (Mohr-Coulomb criterion). The interaction between the soil materials 
and the abutment, is simulating with interface elements. These elements are applied 
between the foundation of abutment and the underneath soil layer and between the 
abutment wall and the backfill. The interface parameter was set as Rinter=0.70.  

It is noted that in case of soil profile D, the soil layer beneath the abutment wall is modified, 
corresponding to the soil type C properties, in order to have a Safety Factor similar to the 
one that is estimated for the soil type C (SF≈1.30). In particular, a layer with 2.5mx30.0m is 
assigned. 

 

 
Fig. 4.36 Finite element mesh used in the analyses of bridge abutment. 

Representative outputs of the 2D dynamic analyses are given in appendix B. 
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Results and derivation of fragility curves 

The damage states are defined based on the range of the vertical permanent ground 
displacement (PGD) in the backfill. The values described in table 3.8 are considered. The 
derivation of fragility curves (i.e. the definition of the median threshold value of PGA for each 
damage state) is based on the construction of diagram of the computed damage indices 
(maximum vertical PGD on the backfill) versus PGA at the ground surface, which represents 
the evolution of damage with increasing earthquake intensity. The diagram is estimated by 
linear regression analysis, considering the natural logarithm of the PGD as the dependent 
variable and PGA as the independent variable. The median threshold value of PGA, can be 
obtained for each damage state based on the aforementioned diagram and the definitions 
given in Table 3.8.  

A lognormal standard deviation (β) that describes the total variability associated with each 
fragility curve has to be estimated (see Eq. 2). Due to the lack of a more rigorous estimation, 
for the uncertainty associated with the definition of damage states (βds) a value equal to 0.4 
is assigned following the approach of HAZUS (NIBS 2004) for buildings; the uncertainty due 
to the capacity (βC) is assigned equal to 0.3 based on engineering judgment. The last source 
of uncertainty, associated with the seismic demand, is described by the variability in 
response (settlement of the backfill) due to the variability of ground motion. In particular, an 
average standard deviation of the damage indices (settlements) that have been calculated 
for the different input motions at each level of PGA is estimated. The total variability is 
calculated based on Eq. 2. 

Figures 4.36 to 4.39 show the PGD-PGA diagrams for the soil profiles of type C and D and 
the two abutment geometries. The estimated parameters and the corresponding fragility 
curves are illustrated in Table 4.20 and Figures 4.40 to 4.43. The comparison of the fragility 
curves shows that the bridge abutment with h= 7.5m is more vulnerable that the one with h= 
6.0m. In addition, for most of the damage states the vulnerability of both the abutments in 
soil type D is higher than in soil type C.  
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Fig. 4.37 Evolution of abutment damage (settlement on the backfill) with earthquake 

parameter (PGA) for soil type C and h=6.0m. 
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Fig. 4.38 Evolution of abutment damage (settlement on the backfill) with intensity 
measure (PGA) for soil type D and h=6.0m. 
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Fig. 4.39 Evolution of abutment damage (settlement on the backfill) with intensity 

measure (PGA) for soil type C and h=7.5m. 
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Fig. 4.40 Evolution of abutment damage (settlement on the backfill) with intensity 
measure (PGA) for soil type D and h=7.5m. 

Table 4.20 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 0.33 0.27 0.26 0.25 

Moderate  0.60 0.47 0.53 0.46 
Extensive 1.04 0.81 0.99 0.81 
Complete 2.24 1.72 2.21 1.76 

Lognormal standard 
deviation (β) 0.70 0.70 0.85 0.90 
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Fig. 4.41 Fragility curves for abutment- soil type C 
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Fig. 4.42 Fragility curves for abutment -soil type D 
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Bridge abutments h=6.0m
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Fig. 4.43 Fragility curves for abutment- h=6.0m 
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Fig. 4.44 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  Fragility parameters 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 - 

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, 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 0.56 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, 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 a long period of 
time 
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5.2 EMBANKMENTS (ROAD 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 0.33 0.7 0.20 0.7 
Moderate 0.54 0.7 0.42 0.7 
Extensive  0.89 0.7 0.77 0.7 

Embankment 
height h=2m 

Complete 1.84 0.7 1.71 0.7 
Minor 0.31 0.7 0.15 0.7 
Moderate 0.54 0.7 0.31 0.7 
Extensive 0.92 0.7 0.58 0.7 

Embankment 
height h=4m 

Complete 1.95 0.7 1.29 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 cracks on the 
surface of road 

Open, reduced speed 

DS3 Moderate Deep slide of embankment or slump, 
medium cracks on the surface of the 

road and/or settlement 

Partially open during 
repairs 

DS4 Extensive Extensive slump and slide of 
embankment, extensive cracks on the 
surface of the road and/or settlement 

Partially open or closed 
during repairs 

DS5 Complete Serious slump and slide of 
embankment. 

Closed during 
reconstruction works 
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5.3 TRENCHES (ROAD 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 0.25 0.7 0.18 0.7 
Moderate 0.40 0.7 0.25 0.7 
Extensive  0.60 0.7 0.40 0.7 
Complete 1.20 0.7 0.80 0.7 

Table 5.8  Description of damage states for trenches 

 Damage 
state 

Description Serviceability 

DS1 None - Fully functional  
DS2 Minor Surface slide, minor cracks on the 

surface of road 
Open, reduced speed 

DS3 Moderate Deep slide or slump, medium cracks 
on the surface of the road and/or 

settlement 

Partially open during repairs 

DS4 Extensive Extensive slump and slide, 
extensive cracks on the surface of 

the road and/or settlement  

Partially open or closed 
during repairs 

DS5 Complete Serious slump and slide  Closed during reconstruction 
works 
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5.4 SLOPES (ROAD ON) 

Intensity measure: PGA (g) 

Fragility curve (SAFELAND): 

( ) 1 ln ln1
2 2k

PGA µP D DS erf
β

⎡ ⎤⎛ ⎞−
≥ = +⎢ ⎥⎜ ⎟

⎢ ⎥⎝ ⎠⎣ ⎦
 

Table 5.9  Fragility parameters for roads on slopes 

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 0.16 0.40 0.30 0.35 0.55 0.35 0.80 0.30 
Moderate 0.28 0.40 0.48 0.35 0.85 0.35 1.20 0.30 
Extensive 0.40 0.40 0.68 0.35 1.18 0.35 1.64 0.30 
Complete 0.66 0.40 1.08 0.35 1.82 0.35 2.40 0.30 

 

Table 5.10  Description of damage states for roads on slopes 

 Damage 
state 

Description Serviceability 

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

minor cracks on the surface 
of the road 

Open, reduced speed  

DS3 Moderate Deep slide or slump, medium 
cracks on the surface of the 

road and/or settlement 

Partially open or closed during 
repairs 

DS4 Extensive  Closed during repairs 

DS5 Complete 

Extensive slump and slide, 
extensive cracks on the 

surface of the road  Closed during reconstruction 
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5.5 ROAD PAVEMENTS 

Intensity measure: PGD (m) 

Fragility curve (NIBS, 2004): 

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ −
+=≥

2
lnln1

2
1

β
μPGDerfDSDP k  

Table 5.11  Fragility parameters for road pavements  

Typology Damage state µ (m) β 

Minor 0.15 0.7 
Moderate 0.30 0.7 
Extensive 

2 traffic lanes         
(Urban roads) 

Complete 
0.60 0.7 

Minor 0.30 0.7 
Moderate 0.60 0.7 
Extensive 

≥ 4 traffic lanes 
(Major roads) 

Complete 
1.50 0.7 

 

Table 5.12  Description of damage states for road pavements 

 Damage 
state 

Description Serviceability 

DS1 None - Fully functional 
DS2 Minor Slight cracking 

/offset of pavement 
surface. 

Open. Reduced speeds or partially closed 
during repair works. 

DS3 Moderate Localized moderate 
cracking/offset of 

pavement. 

Closed during repairs (few days). 

DS4 Extensive/ 
Complete 

Major cracking/ 
offset of pavement 

and subsurface soil. 

Closed during repairs (few days to weeks). 
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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 0.33 0.70 0.26 0.85 
Moderate 0.60 0.70 0.53 0.85 
Extensive 1.04 0.70 0.99 0.85 

hwall= 6.0m 
 

Complete 2.24 0.70 2.21 0.85 
Minor 0.27 0.70 0.25 0.90 
Moderate 0.47 0.70 0.46 0.90 
Extensive 0.81 0.70 0.81 0.90 

hwall=7.5m 
 

Complete 1.72 0.70 1.76 0.90 

Table 5.14  Description of damage states for bridge abutment 

 Damage 
state 

Description Serviceability 

DS1 None No or slight settlement 
(<3cm) 

Fully functional 

DS2 Minor Minor settlement of the 
approach fill (3-15cm) 

Open. Reduced speeds or partially 
closed during repair works. 

DS3 Moderate Moderate settlement of the 
approach fill (15-30cm)  

Closed or partially closed during 
repair works. 

DS4 Extensive  Extensive settlement of the 
approach fill (30-60cm) 

Closed during repair works  

DS5 Complete Failure of the approach fill 
(>60cm) 

Closed during reconstruction works. 
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Appendix A 

A Tables of existing fragility curves 

The existing fragility curves for roadway elements are described in a tabular form in the 
following.  
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Table A.1 Fragility curves for tunnels provided by ALA (2001) 

System Roadway RDN 
Element at risk Tunnels Code RD01 
Reference ALA, 2001 
Method Empirical 
Function Lognormal 
Typology Rock Tunnel, Soil Tunnel, Cut & Cover  

Good quality construction, Poor to average quality construction 
None Slight/Minor Moderate Heavy Damage states 

- 

minor cracking and 
spalling and other 
minor distress to 
tunnel liners 

major cracking 
and spalling to 
rock falls 

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 

Functionality states - - - - 
Seismic intensity 
parameter 

Peak Ground Acceleration PGA (g) 

Figures                    Rock Tunnels-Good Quality Construction
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Alluvial and Cut & Cover Tunnels-Good Quality Construction
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Classification Damage State Median (g) β 
Good quality construction 

Slight/Minor 0.61 0.4 Rock  
Moderate 0.82 0.4 
Slight/Minor 0.50 0.4 Soil, Cut & Cover 
Moderate 0.70 0.4 

Poor to average quality construction 
Slight/Minor 0.35 0.4 
Moderate 0.55 0.4 

Rock  
 

Heavy 1.10 0.5 
Slight/Minor 0.30 0.4 
Moderate 0.45 0.4 

Parameters (median 
values,   β values) 

Soil, Cut & Cover 
Heavy 0.95 0.5 

Comments ALA (2001)  do not give fragility curves for Permanent Ground Deformation (PGD, 
fault/landslide) 
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Table A.2 Fragility curves for tunnels provided by HAZUS (NIBS, 2004) 

System Roadway RDN 
Element at risk Tunnels Code RD01 
Reference NIBS, 2004 
Method Expert judgment/ Empirical 
Function Lognormal 
Typology Bored/Drilled Tunnel,  Cut & Cover Tunnel 

None Slight/Minor Moderate Extensive Complete Damage states 

- 

minor cracking of the tunnel 
liner (damage requires no 
more than cosmetic repair) 
and some rock falling, or by 
slight settlement of the 
ground at a tunnel portal. 

moderate 
cracking of 
the tunnel 
liner and rock 
falling. 

major ground 
settlement at a 
tunnel portal and 
extensive 
cracking of the 
tunnel liner. 

major cracking 
of the tunnel 
liner, which 
may include 
possible 
collapse. 

Functionality - - - -  
Seismic intensity 
parameter 

Peak Ground Acceleration PGA (g)  
Permanent Ground Displacement PGD (m) 

Figures                   Bored - Drilled Tunnels
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Peak Ground Acceleration (PGA) 
Classification Damage State Median (g) β 

Slight/Minor 0.60 0.6 Bored/Drilled 
Moderate 0.80 0.6 
Slight/Minor 0.50 0.6 Cut & Cover 
Moderate 0.70 0.6 

Permanent Ground Displacement (PGD) 
Classification Damage State Median (m) β 

Slight/Moderate 0.15 0.7 
Extensive 0.30 0.5 

Bored/Drilled 

Complete 1.50 0.5 
Slight/Moderate 0.15 0.7 
Extensive 0.30 0.5 

Parameters 
(median values,   
β values) 

Cut & Cover 

Complete 1.50 0.5 
Comments  
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Table A.3 Fragility curves for tunnels provided by Corigliano (2007) 

System Roadway RDN 
Element at risk Tunnels Code RD01 
Reference Corigliano 2007 
Method Empirical 
Function Lognormal 
Typology Deep tunnels (highway, railway) 

None/Slight (A) Moderate (B) Severe (C) Damage states 
Light damage detected 
on visual inspection, 
cracking of the concrete 
lining, local opening of 
joints and obstruction of 
the opening, opening 
deformations (crack 
width < 3 mm, crack 
lengths < 5 m) 

Roof or wall collapse, falling and failure 
of the tunnel lining or in unlining 
sections, spalling of the concrete lining 
or unlinined section, liner steel exposed, 
cracking of the concrete lining, crushing 
of the concrete lining, pavement cracks, 
wall deformation, slabbing or spalling of 
the rock around the opening, bending 
and buckling of reinforcing bars (cracks 
> 3 mm, lengths > 5 m) 

Portal failure, slope 
instability induce tunnel 
collapse, shared off lining, 
pavement uplift, rising of 
the invert, tunnel being 
flooded or where a tunnel 
shows damage on 
ventilation or lighting 
system 

Functionality Immediate interruption 
of operations is not 
strictly required 

Interruption of operation only for 2 or 3 
days 

Interruption of its 
serviceability for a long 
period of time 

Seismic intensity 
parameter 

Peak Ground Velocity (PGV) 

Figures                   Deep Tunnels 
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Damage State Median (cm/sec) β 
None/Slight (A) 53.2 0.84 
Moderate (B) 85.5 0.31 

Parameters 
(median values, 
β values) 

Severe (C) - - 
Comments  

The fragility curves are derived considering as a seismic hazard parameter the PGV instead of 
PGA. Since the response of underground structures is governed by the imposed deformation, 
the PGV is better correlated to induced damage. 
The type of support and the quality of the surrounding ground is not considered 
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Table A.4 Fragility curves for tunnels provided by Salmon et al (2003) 

System Roadway RDN 
Element at risk Tunnels Code RD01 
Reference Salmon et al 2003 
Method Analytical 
Function Lognormal 
Typology BART typology  
Damage states None Minor Moderate Extensive/ Complete 
Cut & Cover - Exterior Wall, 

Significant cracking 
Exterior Wall, Shear  
Failure 

Exterior Wall, Flexural Failure

Bored tunnel 
(Steel Liner)   Failure in axial 

connection of ring plate 
Failure in circumferential 
connection of end plate 

Berkeley Hills   Repair cost M$: 6 12 30/30 
Functionality  
(For fault offset) 

- 0.5=full operation 
after short term repair

1=No Operation until 
long term repairs 

1=No Operation until long 
term repairs 

Seismic intensity 
parameter 

PGA for cut & cover 
PRA at the rock out-crop elevation of a site for bored tunnels 
PGD fault displacement for Berkeley Hills Tunnel 

Figures                   Cut and Cover Tunnels 
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Classification Damage State Median β 

Slight/Minor 1.30 g 0.3 
Moderate 1.81 g 0.3 

Cut & Cover 
PGA 

Extensive/ Complete 5.42 g 0.3 
Slight/Minor - - 
Moderate 3.1 g  0.3 

Bored tunnel 
(Steel Liner) 
PGA Extensive/ Complete 6.8 g 0.3 

Slight/Minor 0.075 m 0.1 
Moderate 0.3 m 0.1 

Parameters 
(median values,   
β values) 

Berkeley Hills 
Tunnel 
(Fault offset PGD) Extensive/ Complete 1.0 m 0.1 

Comments Fragility curves also for the Transbay tube, but they are very site specific. The background of 
the model and analysis is not clear. Median values are not always realistic. 
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Table A.5 Fragility curves for tunnels provided by LESSLOSS (Argyroudis & Pitilakis, 
2007) 

System Roadway RDN 
Element at risk Tunnels Code RD01 
Reference Argyroudis & Pitilakis, 2007 
Method Analytical 
Function Lognormal 
Typology Bored Tunnel, Soil type B, C, D (EC8) 

None Slight/Minor Moderate Extensive Damage states 
 DI<=0.7 0.7<DI <= 1.0 1.0 <DI <= 1.3 1.3 <DI <= 1.6 

Functionality 
states 

- - - - 

Seismic intensity 
parameter 

Permanent Ground Displacement PGD (m) 

Figures                   Bored Tunnels -Soil type B
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Bored Tunnels -Soil type D
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 Soil B Soil C Soil D 
Damage State Median (m) β Median (m) β Median (m) β 
Slight 0.10 0.50 0.18 0.52 0.55 0.53 
Moderate 0.15 0.50 0.25 0.52 1.00 0.53 

Parameters 
(median values,   
β values) 

Extensive 0.20 0.50 0.65 0.52 1.50 0.53 
Comments - Preliminary fragility curves, based on quasi static analysis and five input motions 

- Damage states are defined based on exceedance of lining moment capacity 
(DI=M/Mrd), assuming beam element 
- While EC8 soil properties are accounted for, other details can not be considered in a 
numerical 2D model compared to empirical data. E.g.,3D deformation effects, slippage 
between tunnel and liner, change in hydrogeology along tunnel axis, etc. 
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Table A.6 Fragility curves for roads on slopes provided in SAFELAND (Pitilakis et al, 
2010). 

System Roadway RDN 
Element at risk Roads on slopes Code RD05 
Reference Pitilakis et al, 2010 
Method Semi-empirical (modification of HAZUS curves based on model by Bray and 

Travasarou, 2007) 
Function Lognormal 
Typology Roads with 2 traffic lanes, roads with >=4 traffic lanes 

None Minor Moderate Extensive/ Complete Damage states 

- Slight cracking 
/offset. 

Localized moderate 
cracking/ offset. Major cracking/ offset. 

Seismic intensity 
parameter 

Peak Ground Acceleration PGA (g) 

Figures    
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 Major roads  Major roads - Minor damage state
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Major roads - Moderate damage state
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Peak Ground Acceleration PGA (g) Parameters 
(median values, β 
values)  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 0.32 0.55 0.97 1.36 

moderate 0.47 0.78 1.36 1.88 

Major Road 

extensive/ 
complete 

0.83 

0.40 

1.34 

0.40 

2.22 

0.35 

2.90 

0.35 

slight/minor 0.22 0.40 0.71 1.00 

moderate 0.32 0.55 0.97 1.36 

Urban Road  

extensive/ 
complete 

0.47 

0.40 

0.78 

0.35 

1.36 

0.35 

1.88 

0.30 

Comments The curves are given for magnitude M=7.0 
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Table A.7 Fragility curves for road pavements provided in HAZUS (NIBS, 2004) 

System Roadway RDN 
Element at risk Road pavements Code RD06 
Reference NIBS, 2004 
Method Expert judgment  
Function Lognormal 
Typology Roads with 2 traffic lanes, roads with >=4 traffic lanes 

None Minor Moderate Extensive/ Complete Damage states 

- Slight cracking /offset. Localized moderate 
cracking/ offset. Major cracking/ offset. 

Functionality 
states 

Usable Open. Reduced speeds 
or partially closed during 
repair works. 

Closed during repairs 
(few days). 

Closed during repairs 
(few days to weeks). 

Seismic intensity 
parameter 

Permanent Ground Displacement PGD (m) 

Figures                    Roads with two traffic lanes

0.00

0.25

0.50

0.75

1.00

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
PGD (m)

P
ro

ba
bi

lit
y 

of
 e

xc
ee

da
nc

slight damage moderate damage extensive/complete 

Roads with four or more traffic lanes

0.00

0.25

0.50

0.75

1.00

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
PGD (m)

P
ro

ba
bi

lit
y 

of
 e

xc
ee

da
nc

slight damage moderate damage extensive/complete 
 
Permanent Ground Displacement PGD (m) 
Damage states 2 traffic lanes 

(Urban roads) 
>= 4 traffic lanes 
(Major roads) 

β 

Minor 0.15 m 0.30 m 
Moderate  0.30 0.60 

Parameters 
(median values, β 
values) 

Extensive/Complete 0.60 1.50 

0.70 

Comments The functionality states are based on RISKUE proposals 

 
 
 



D3.7 - Fragility functions for roadway elements 

92  

 

Table A.8 Fragility curves for highway embankments by Maruyama et al (2010) 

System Roadway RDN 
Element at risk Embankments (road on) Code RD03 
Reference Maruyama et al, (2010) 
Method Empirical  
Function P =C⋅Ф(lnPGV - λ)/ζ  

P: number of damage incidents per km  
Ф(x): cumulative distribution function of the standard normal distribution 

Typology expressway embankments in Japan 
Damage states None Very minor (D) Minor (C) Moderate (B) Major (A) 
Slide slope  
Gap in roadway 
 

Crack in roadway 

- 

 
Traffic lane: < 1cm 
 
< 3cm 

Deformation 
Traffic lane: 1-3cm
Shoulder: 1-20cm 
3-5cm 

Partial collapse 
Traffic lane: > 3cm 
Shoulder: > 20cm 
> 5cm 

Total collapse 
 
 
 

Functionality states      
Seismic intensity 
parameter 

Peak Ground Velocity PGV (cm/s) 

Figures                    

      
Damage state ζ λ C 
Major damage 0.14 4.12 3.19 

Parameters (median 
values, β values) 

All damage 0.52 4.45 3.00 
Comments - Two fragility curves are given, one is for major damage of levels A and B that affects 

the serviceability of ordinary traffic, and the other is for all damage to expressway 
embankments. 
- Damage datasets from 2003 Northern-Miyagi, 2003 Tokachi-oki , 2004 Niigata 
Chuetsu, 2007 Niigata Chuetsu-oki earthquakes 
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Table A.9 Fragility curves for highway embankments by  Lagaros et al (2009) 

System Roadway RDN 
Element at risk Embankments (road on) Code RD03 
Reference Lagaros  et al (2009) 
Method Analytical  
Function Reliability analysis (estimation of probabilities) 
Typology Trapezoid embankment 
Damage states Unacceptable Minor Moderate Sufficient Optimal 
 FoS < 1.0 1.0 < FoS < 1.25 1.25 < FoS < 1.4 1.4 < FoS < 2.0 FoS > 2.0 
Functionality states      
Seismic intensity 
parameter 

Peak Ground Acceleration (PGA) (g) 

Figures                    

  
Fragility curves for the vulnerability assessment of the embankment with deterministic (left) and 
random (right)  dimensions. 

Parameters 

 

Comments Analytical. Pseudostatic slope stability analyses, Monte Carlo simulation method 
and neural network metamodels. Damage states are defined based on Factor of 
Safety. 
The main purpose of the study is to highlight the computational effort of different 
approaches. 
The curves do not follow a certain function therefore is more difficult to apply. 
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Table A.10 Fragility curves for retaining structures by ATC-13 (1985) 

System Roadway RDN 
Element at risk Retaining structure Code RD07 
Reference ATC 13 (Applied Technology Council, 1985) FACILITY CLASS=62 
Method Delphi- Expert judgment 
Function Probability Matrix 
Typology Not given 
Damage states None Slight  Moderate Extensive/Complete 
 

- 

Limited localized minor 
damage not requiring 
repair. 
 
Significant localized 
damage of some 
components generally 
not requiring repair 

Significant localized 
damage of many 
components 
warranting repair 

Extensive damage requiring 
major repairs. 
 
Major widespread damage 
that may result in the facility 
being razed, demolished, or 
repaired. 
Total destruction of the 
majority of the facility 

Functionality states     
Seismic intensity 
parameter 

MMI 

Figures                          
Parameters  Modified Mercalli Intensity Scale (MMI) 

CDF 
(central 
damage 
factor) 

VI VII VIII IX X XI XII 

0.00  99.2 29.7 13.1 2.1 - - - 
0.50  0.8 68.4 67.7 23.9 2.5 - - 
5.00  - 1.9 19.2 72.1 71.7 21.7 3.0 
20.00  - - - 1.9 25.7 69.7 40.2 
45.00  - - - - 0.1 8.6 52.1 
80.00  - - - - - - 4.7 
100.00  - - - - - -  

Comments Conversion to fragility function can be done following e.g. paper  Reitherman (1986). 
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Table A.11 Fragility curves for retaining wall provided by Salmon et al (2003) 

System Roadway RDN 
Element at risk Retaining wall  Code RD07 
Reference Salmon et al 2003 
Method Analytical 
Function Lognormal 
Typology BART typology  
Damage states None Minor Major wall damage Major stability damage 
 

- 

minor structural 
damage to walls such 
as cracking. No 
impact on 
functionality or life 
safety 

major structural damage 
to walls. Possibly 
resulting in short-term 
partial loss of 
functionalitiy of trackway, 
and possible life safety 
risk. 

large sliding or overturning 
movements resulting in short 
term loss of use of the 
trackway, with possible life 
safety hazard to adjacent 
retained areas. 

Functionality       
Seismic intensity 
parameter Peak Ground Acceleration (PGA) 

Figures                   

        

Retaining structures - BART system 
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Slight damage
Moderate damage
Extensive damage

 
Classification Damage State Median β 

Minor 0.55 g 0.4 
Moderate 1.10 g 0.4 

Parameters 
(median values,   
β values) 

Cut & Cover 
PGA 

Extensive 2.62 g 0.4 
Comments The background of the model and analysis is not clear.  

No information for geometry and soil properties is given. 
One example of fragility curves for a BART retaining wall is given. 
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Table A.12 Fragility curves for slope stability  by ATC-13 (1985) 

System Roadway RDN 
Element at risk Slope Code RD05 
Reference ATC 13 (Applied Technology Council, 1985) extension of work by (Legg et al, 1982) 
Method Expert judgment 
Function Probability Matrix 
Typology Not given 
Damage states Light  Moderate Heavy Severe Catastrophic 
      

Functionality states      
Seismic intensity 
parameter 

Modified Mercalli Intensity (MMI) 

Figures                    

 
Parameters (median 
values, β values) 

- 

Comments - Slope failure probability matrices developed for the ATC 13 project  
- There are a total of 6 slope classes, defined by critical acceleration, ac. For each of 
these there is a failure probability matrix. 
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Appendix B 

B Output of numerical analyses 

In the following, representative results of the numerical analyses of the embankments, 
trenches and bridge abutments are given. In particular, the total displacements of the 
embankment model for the different embankment heights and soil types are presented in 
figures B.1 to B.5.  Similar results are given in figures B.6 to B.8 for the trench models. In 
figures B.11 to B.13 examples of the horizontal and vertical displacements and total shear 
strains are given for the bridge abutment model. Tables B.1 and B.2 shows the calculated 
values of PGA at free field and PGD (max horizontal and vertical displacements) on the 
backfill of the bridge abutment (h=6.0 and h=7.5m) for the different input motions.   
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B.1 EMBANKMENTS (ROAD ON) 

a) 

 b) 

 c) 

 d) 
Extreme value 22.75mm 

Fig. B.1  Contour shadings of total displacements at the end of EQ1 [0.5g] for 
embankment height h=2m on ground types a) D1 [su=20kpa] b) D2[su=50kpa]  c) C1 

[su=80kpa]  and d) C2 [su=150kpa]  
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a) 

b) 

c) 

d) 
Extreme value 23,9mm 

Fig. B.2  Contour shadings of total displacements at the end of EQ1 [0.5g] for 
embankment height h=4m on ground types a) D1 [su=20kpa] b) D2[su=50kpa]  c) 

C1[su=80kpa]  and d) C2 [su=150kpa] 
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a) 

 

b) 

c) 

 

d) 

Fig. B.3  Contour shadings of total displacements at the end of EQ1 [0.5g] for h=2m on 
ground types a) D1 [su=20kpa] b) D2 [su=50kpa] for H=6m on ground c) C1 [su=80kpa] 

and d) C2 [su=150kpa] 
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a) 

b) 

 c) 

d) 

Fig. B.4  Contour shadings of total displacements at the end of EQ2 [0.5g] for 
embankment height h=2m on ground types a) D1 [su=20kpa] b) D2[su=50kpa]  c) 

C1[su=80kpa]  and d) C2 [su=150kpa] 
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a) 

b
) 

c)

d) 

Fig. B.5  Contour shadings of total displacements at the end of EQ2 [0.5g] for 
embankment height h=4m on ground types a) D1 [su=20kpa] b) D2[su=50kpa]  c) 

C1[su=80kpa]  and d) C2 [su=150kpa] 
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B.2 TRENCHES (ROAD IN) 

a) 

b) 

 c) 

d) 

Fig. B.6  Contour shadings of total displacements at the end of EQ1 [0.5g] for trench 
height h=4m on ground types a) D1 [su=20kpa] b) D2[su=50kpa]  c) C1[su=80kpa]  and 

d) C2 [su=150kpa] 
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a) 

 

b) 

 

c) 

 

d) 

Fig. B.7  Contour shadings of total displacements at the end of EQ2 [0.5g] for trench 
height h=2m (a, b) and h=6m (c, d) on ground types a) D1 [su=20kpa] b) D2[su=50kpa]  

c) C1[su=80kpa]  and d) C2 [su=150kpa] 
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a) 

b) 

c) 

d) 

Fig. B.8  Contour shadings of total displacements at the end of EQ2 [0.5g] for trench 
height h=4m on ground types a) D1 [su=20kpa] b) D2[su=50kpa]  c) C1[su=80kpa]  and 

d) C2 [su=150kpa]. 
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B.3 BRIDGE ABUTMENTS 

 
Fig. B.9 Contour shadings of total strains % (Phi-c reduction phase) for the soil type C 

model. Calculated safety factor = 1.32 

 

Fig. B.10 Deformed mesh of soil type C model at the end of EQ input: Kypseli, 0.3g 
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Fig. B.11 Contour shadings of horizontal displacements for soil type C model at the 
end of EQ input: Kypseli, 0.3g 

 

 

Fig. B.12 Contour shadings of vertical displacements for soil type C model at the end 
of EQ input: Kypseli, 0.3g 



D3.7 - Fragility functions for roadway elements 

108  

 

 

Fig. B.13 Contour shadings of total shear strains % of soil type C model at the end of 
EQ input: Kypseli, 0.3g 

Table B.1  Results of numerical analyses for bridge abutment with h=6.0m on soil type 
C and D 

Input PGA free 
field (g)

PGA 
backfill (g)

PGD wall 
Horizontal (m)

PGD backfill 
Vertical (m)

PGA free 
field (g)

PGA backfill 
(g)

PGD wall 
Horizontal (m)

PGD backfill 
Vertical (m)

Gebze 0.1g 0.238 0.268 0.051 0.056 0.256 0.169 0.038 0.044
Hector Mine 0.1g 0.227 0.221 0.030 0.042 0.197 0.187 0.147 0.104
Kypseli 0.1g 0.275 0.228 0.009 0.019 0.255 0.159 0.005 0.019
LomaPrieta 0.1g 0.244 0.292 0.059 0.036 0.203 0.155 0.052 0.018
Umbria 0.1g 0.274 0.364 0.167 0.120 0.209 0.187 0.096 0.083
Gebze 0.2g 0.417 0.482 0.210 0.164 0.313 0.231 0.115 0.114
Hector Mine 0.2g 0.393 0.405 0.173 0.105 0.312 0.232 0.343 0.171
Kypseli 0.2g 0.493 0.387 0.036 0.062 0.389 0.193 0.019 0.059
LomaPrieta 0.2g 0.389 0.433 0.225 0.096 0.460 0.246 0.237 0.073
Umbria 0.2g 0.523 0.516 0.536 0.306 0.340 0.223 0.310 0.267
Gebze 0.3g 0.513 0.583 0.253 0.214 0.360 0.231 0.106 0.129
Hector Mine 0.3g 0.550 0.496 0.406 0.173 0.556 0.310 0.496 0.196
Kypseli 0.3g 0.536 0.484 0.066 0.105 0.383 0.220 0.028 0.062
LomaPrieta 0.3g 0.667 0.477 0.445 0.154 0.560 0.326 0.449 0.139
Umbria 0.3g 0.646 0.557 0.635 0.369 0.316 0.241 0.438 0.334
Gebze 0.4g 0.692 0.598 0.282 0.237 0.554 0.327 0.125 0.133
Hector Mine 0.4g 0.696 0.647 0.614 0.270 0.616 0.363 0.800 0.350
Kypseli 0.4g 0.561 0.529 0.111 0.151 0.514 0.287 0.057 0.081
LomaPrieta 0.4g 0.749 0.550 0.607 0.201 0.594 0.337 0.612 0.188
Umbria 0.4g 0.659 0.537 0.731 0.432 0.548 0.314 0.607 0.415
Gebze 0.5g 0.854 0.659 0.351 0.274 0.670 0.437 0.223 0.173
Hector Mine 0.5g 0.845 0.679 0.747 0.401 0.659 0.343 1.240 0.554
Kypseli 0.5g 0.526 0.633 0.121 0.178 0.652 0.365 0.100 0.105
LomaPrieta 0.5g 0.810 0.607 0.713 0.225 0.649 0.353 0.744 0.235
Umbria 0.5g 0.729 0.642 0.935 0.531 0.641 0.397 0.810 0.537

Soil Type C Soil Type D
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Table B.2  Results of numerical analyses for bridge abutment with h=7.5m on soil type 
C and D 

Input
PGA free 
field (g)

PGA 
backfill (g)

PGD wall 
Horizontal (m)

PGD backfill 
Vertical (m)

PGA free 
field (g)

PGA backfill 
(g)

PGD wall 
Horizontal (m)

PGD backfill 
Vertical (m)

Gebze 0.1g 0.239 0.285 0.071 0.090 0.258 0.162 0.066 0.046
Hector Mine 0.1g 0.229 0.260 0.048 0.071 0.206 0.190 0.198 0.127
Kypseli 0.1g 0.275 0.247 0.015 0.036 0.256 0.157 0.010 0.018
LomaPrieta 0.1g 0.244 0.315 0.071 0.056 0.202 0.155 0.057 0.019
Umbria 0.1g 0.285 0.330 0.174 0.175 0.212 0.188 0.079 0.096
Gebze 0.2g 0.413 0.463 0.252 0.234 0.314 0.229 0.167 0.107
Hector Mine 0.2g 0.384 0.420 0.201 0.167 0.302 0.233 0.456 0.186
Kypseli 0.2g 0.499 0.407 0.095 0.108 0.393 0.201 0.026 0.055
LomaPrieta 0.2g 0.382 0.495 0.240 0.147 0.448 0.270 0.254 0.076
Umbria 0.2g 0.545 0.534 0.535 0.407 0.302 0.212 0.405 0.313
Gebze 0.3g 0.538 0.580 0.313 0.287 0.342 0.225 0.141 0.114
Hector Mine 0.3g 0.536 0.569 0.456 0.267 0.539 0.342 0.549 0.211
Kypseli 0.3g 0.550 0.439 0.151 0.161 0.392 0.218 0.028 0.074
LomaPrieta 0.3g 0.651 0.501 0.468 0.220 0.531 0.356 0.499 0.171
Umbria 0.3g 0.662 0.647 0.631 0.507 0.323 0.257 0.538 0.390
Gebze 0.4g 0.660 0.604 0.349 0.316 0.530 0.349 0.157 0.119
Hector Mine 0.4g 0.685 0.604 0.683 0.406 0.604 0.397 0.887 0.395
Kypseli 0.4g 0.587 0.549 0.198 0.202 0.477 0.322 0.039 0.099
LomaPrieta 0.4g 0.688 0.541 0.640 0.265 0.550 0.407 0.667 0.250
Umbria 0.4g 0.666 0.603 0.705 0.566 0.521 0.338 0.708 0.468
Gebze 0.5g 0.840 0.657 0.411 0.342 0.652 0.423 0.247 0.172
Hector Mine 0.5g 0.829 0.712 0.971 0.545 0.629 0.465 1.350 0.669
Kypseli 0.5g 0.559 0.594 0.225 0.239 0.621 0.444 0.056 0.122
LomaPrieta 0.5g 0.820 0.582 0.760 0.284 0.630 0.420 0.804 0.337
Umbria 0.5g 0.725 0.647 0.907 0.6742 0.631 0.452 0.950 0.603

Soil Type C Soil Type D

 


