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ABSTRACT 
 

High-Speed Rail Lines (HSRL) have experienced in recent years an unprecedented 
development and expansion in Southern Europe. In particular, Spain has nearly 1,800 miles 
(2,880 km) HSRL, with a significant portion of these in regions of moderate seismic hazard. The 
Archidona Viaduct, a recently erected composite steel-concrete viaduct in the new Cordoba-
Granada HSRL, is a 1.97 miles (3,150 m) long viaduct built without intermediate expansion 
joints and is located in a site with an expected peak ground acceleration (PGA) of 0.14·g for a 
return period of 500 yr. The viaduct has 62 framed piers (bents) which laterally restrain 
transverse displacement but allow for longitudinal displacement through spherical sliding 
bearings. The longitudinal displacement is restrained at a single stiff pier, located roughly in the 
middle of the viaduct. This paper presents the results of a series of static and dynamic analyses of 
a typical 66 ft (20 m) high framed pier and its corresponding foundation, conducted in order to 
assess its seismic performance. In particular, to asses the seismic collapse capacity, and to 
identify different characteristic features on the seismic behavior of the Archidona Viaduct at 
increasing levels of seismic intensity. A special emphasis is placed on the estimation of train 
derailment due to seismically induced rail deformations. 

 
 

INTRODUCTION 

The Archidona Viaduct is located in the High-Speed Rail Line connecting the southern Spain 
cities of Cordoba and Granada. The viaduct is conceived in the purpose of crossing a 1.97 miles 
(3,150 m) long valley meeting certainly special conditions (Millanes-Mato et al. 2011): 

 The viaduct is located in a moderately hazardous seismic site (500 year PGA=0.14·g). 
 The mean pier height is approximately 66 ft (20 m). 
 The request of the track owner to avoid, as much as possible, the use of rail expansion joint 

devices to limit the associated maintenance costs, but complying with the maximum 
displacement limits allowed by current state-of-the-art rail expansion devices 47¼ in 
(1200mm) (Hess, 2009). 

The solution of several simply supported spans, which in general is suitable for great length 
and low height viaducts, was discarded due to the longitudinal flexibility of the substructure (set 
of piers and pile foundation), which yielded excessive track displacements under the train 
braking and service-level earthquake ground motions. Moreover, this solution was overly 
penalized regarding the design earthquake situation. Given that it was not advisable to place rail 
expansion joint devices within the deck, only two of them were placed at the abutments, and the 
deck’s fixed point was placed roughly in the viaduct center, allowing a total maximum dilation 



length around 1 mile (1,600 m) (Figure 1 and Figure 4). A prestressed concrete deck solution for 
this dilation length would have yielded longitudinal displacements, due to thermal and 
hygrometric actions, larger than those allowed by current state-of-the-art rail expansion joint 
devices. Therefore, a composite steel-concrete deck solution was chosen in order to mitigate the 
effects of shrinkage and creep. 

The span length distribution of the viaduct is 114ft+30x164ft+114ft (35m+30x50m+35m). 
The 164 ft (50 m) standard span length was chosen on the basis of the pier height, and in order to 
achieve both weight and dimensions suitable for erection by crane rising (Figure 2). The retained 
solution for the deck consists of a constant depth composite steel-concrete cross section, formed 
up by two steel welded I-beams 9 ft 8 in (2.95 m) deep, and an upper reinforced concrete slab 
15¾ in (0.40 m) thick linking both steel beams, which are 19 ft 8 in (6 m) apart. A bottom 
reinforced concrete slab acts as a compression member whithin the hogging zone (double 
composite action), and closing the torsion circuit within the sagging zone. 

Given that the central pier is considered as the only fixed point in the longitudinal direction 
of the viaduct, it was designed as a triangular shape frame, in order to provide a stiff truss 
mechanism to limit displacements due to braking forces (Figure 4). On the other hand, the other 
(typical) piers are designed to allow for the longitudinal movement of the deck through the use of 
spherical sliding bearings with a top flat PTFE surface, and to restrain transverse displacement 
through a central shear key. The shear key is built of concrete on the pier side, and as a steel 
protrusion of the diaphragm on the deck side, sandwiching twin PTFE sliding devices. 

 
 

OBJECTIVE OF THE STUDY 
 

High-Speed Rail Lines (HSRL) structures differ from highway bridges in the sense that they 
must meet different often more strict service conditions, in addition to structural requirements, to 
ensure the safety of rail traffic. Aspects that in highway bridges can be considered as 
serviceability conditions, like vertical or transverse deformability, are of the utmost importance 
in HSRL viaducts, given that the safety of the traffic depends largely on the track geometry 
(Nasarre, 2009). It is so much so, that an horizontal misalignment as small as ¾ in (20 mm) can 
force a reduction of the train’s speed at the damaged section of the track, and a misalignment of 
3 in (80 mm) can drive to the closure of the track for alignment repair (Pitilakis et al., 2011). 

 

 
Figure 1. General view of the Archidona Viaduct. Figure 2. Deck assembly and crane erection. 
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Figure 3. View of a typical pier (transv. fixed) Figure 4. View of the central pier (longit. fixed point) 

  
Although various studies have dealt with the expected performances, and  the associated 

economic losses, of newer and older building structures under different earthquake intensities, 
much less work has been devoted to the expected seismic performance of bridge structures, 
especially in the low intensity range and for elements different than structural members. For 
instance, the European specifications (EN-1998-2) state that the performance of a bridge 
subjected to a low level intensity earthquake (high probability of occurence) “may cause only 
minor damage to secondary components and to those parts of the bridge intended to contribute 
to energy dissipation. All other parts of the bridge should remain undamaged”, leaving 
unanswered the question of what the expected performace should be for the non-structural 
elements like the track, in the case of a HSRL viaduct. The Spanish specifications for earthquake 
design of bridges (NCSP-07) state that “the frequent seismic action shall only cause minor 
damage to the bridge, and it will not be neither necessary to repair it immediately, nor to reduce 
the traffic after such an earthquake”. Given that most of the previous work on the subject of post 
earthquake traffic capacity is related with the structural capacity of bridge piers after a seismic 
event (Terzic and Stojadinovic, 2010), there are not many references to which the engineers can 
refer to evaluate the relative importance of the frequent earthquake respective to the overall 
design. 

In this regard, the objective of the study presented in this paper is to analyze the seismic 
behavior of a bridge designed according to the current European standards (EN-1998-1 and EN-
1998-2), with the purpose of understanding how different design assumptions influence the 
expected performance of both the viaduct as a structure, and of the track which is a critical 
components for the functionality of the structure. In order to do so, the transverse behavior of a 
typical pier of the Archidona viaduct has been analyzed under seismic excitations of different 
intensities, following the PEER Performance-Based Earthquake Engineering methodology 
(Krawinkler and Miranda, 2004). Different mechanical characteristics of the set pier-foundation 
were studied. In particular, the following modeling assumptions that were analyzed are 
summarized in this work: 

 Model 2: Analysis of the transverse behavior under the assumption of cracked stiffness, 
considered as a function of the Moment-Curvature diagram of the pier cross section 
(Priestley et al., 1996), and considering the foundation as infinitely stiff. 
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 Model 4: Analysis of the transverse behavior under the previous cracked condition, taking 
into account the decrease in stiffness due to the rocking behavior of the deep foundation. 

 Model 6: Analysis of the transverse behavior under the assumption of cracked stiffness, 
considering the stiffness reduction due to both the strain penetration effect and shear cracking 
(Fardis, 2003). 

 Model 8: Analysis of the transverse behavior under the previous cracked condition, taking 
into account the decrease in stiffness due to the rocking behavior of the deep foundation. 

For the previously stated modeling assumptions, several Damage Measures (DM) related to 
different Engineering Demand Parameters (EDP) have been considered: 

 Structural Damage Measures as DMs1:Yielding of the longitudinal reinforcement on the 
tension side. DSs2: Cover concrete spalling on the compression side. DSs3: Buckling of the 
longitudinal reinforcement on the compression side. These structural DM have been related 
to  the maximum Column Drift Ratio as EDP, taking the perspective of several authors 
(Kunnath et al., 2006), (Mackie, 2003), (Mander, 2007). 

 Collapse Damage Measures as DMc: The pier is assumed to collapse when the column drift 
ratio exceeds the value of IDR=10%, value for which the monotonic pushover analysis 
yields a zero base-shear value. 

 Track Damage Measures as DMt1: Lateral track displacement corresponding to an 
immediate action on the railway traffic to ensure runnig safety (i.e. speed reduction until 
track repair). DMt2: Lateral track displacement corresponding to the closure of the track to 
ensure running traffic (Moderate track repair). DMt3: Lateral track displacement 
corresponding to the closure of the track (Extensive track repair). These track DM have been 
related to the Residual Column Drift Ratio, as a measure of the track misalignment/offset 
after an earthquake (Pitilakis et al., 2011). 

 Safety Run Damage State as DSdr: Motion of the deck during an earthquake driving to the 
derailment of the train. This DM has been related to the Spectral Index as EDP (Luo, 2005), 
(Luo and Miyamoto, 2007). 

 
STRUCTURAL BEHAVIOR MODELLING 

 

For the modelling of the bent structure the characteristic properties of the involved 
materials were considered, namely f’c=5 ksi (35MPa) for concrete members and fy=75 ksi 
(500MPa) for the steel reinforcement. The Mander model (Mander, 1988) was used to represent 
the concrete behavior both at the confined core and at the unconfined cover (Figure 6), and a 
bilinear stress-strain class C relationship (EN-1992-1) with an ultimate-to-yield stress ratio 
fu/fy=1.15 has been used for the B500C reinforcement steel. The moment-curvature diagram of 
the top and bottom cross-sections of the columns has been evaluated at increasing axial load 
ratios (Figure 5) to obtain the cracked stiffness. It has been found that, due to the large steel ratio 
in the cross section, the cracked stiffness does not show a big dependance on the axial force, and 
an average value of Ieff=0.8·Ig (cracked inertia as a fraction of the gross inertia) has been 
considered adequate for the N/Ac·fc’=0.1 ratio expected to act in the most loaded column. 

The bent was modeled in OpenSees (OpenSees, 2004) as an elastic structure with 
concentrated plastic hinges at the base and top cross-sections. A strength and stiffness 
deterioration behavior  (Ibarra et al, 2005) was considered for the concentrated hinges (Figure 8). 
It is known that the stiffness derived from the M- relationship at the section level is not enough 
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Moment-Curvature Diagram for Base Cross-Section

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

50000

0
.0

0
0

0
.0

0
5

0
.0

1
0

0
.0

1
5

0
.0

2
0

0
.0

2
5

0
.0

3
0

0
.0

3
5

0
.0

4
0

Curvature   [m-1]

M
o

m
e

n
t 

M
 [

m
.k

N
]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.40

Stress-Strain Concrete Behavior (Mander, 1988)
-45

-40

-35

-30

-25

-20

-15

-10

-5

0

-0
.0

1
0

-0
.0

0
9

-0
.0

0
8

-0
.0

0
7

-0
.0

0
6

-0
.0

0
5

-0
.0

0
4

-0
.0

0
3

-0
.0

0
2

-0
.0

0
1

0
.0

0
0

Strain 

C
o

n
c

re
te

 S
tr

e
s

s
 

c 
[M

P
a

]

CORE
COVER

 
Figure 5. Moment-Curvature diagrams for axial load 

ratios ranging from N/Ac·fc’=0.1 to 0.4 
Figure 6. Concrete behavior at core and cover fibers 

(Mander, 1988) 
 

to assess the total stiffness of the flexural members at high levels of load (Hasselton and 
Deierlein, 2007). The strain penetration (or bar slippage), and shear cracking mechanisms reduce 
the stiffness of the flexural member, and hence change the structural behavior of the bent. The 
stiffness expression proposed by Fardis (Fardis, 2009) was used to assess a cracked stiffness 
Ieff=0.3·Ig. Two alternative assumptions were considered to account for stiffness variability by 
considering cracked stiffness as 80% and as 30% of the gross stiffness. Monotonic pushover 
analyses (Figure 7) were performed to assess the relative importance of the aforementioned 
parameters. 

Another source of flexibility that was considered was the reduction in lateral and 
rotational stiffness at the base of the structure due to soil-structure interaction. As recognized by 
several authors (Kunnath et al., 2006), the behavior of the foundation can play a significant role 
in the assessment of the seismic performance of the viaduct. In this regard, two scenarios were 
analyzed: one with an infinitely stiff foundation, and another  with  a  flexible  foundation  whose  
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Figure 7. Monotonic pushover curves for different 

behavior models 
Figure 8. Cyclic pushover for model 2 behavior 

(Ieff=0.8·Ig, Stiff foundation) 
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Figure 9. Fundamental modes for both the stiff 
foundation and flexible foundation models. 

Figure 10. Equivalent pile axial stiffness, considering 
skin strength, tip strength, and concrete deformability. 

 
equivalent parameters were derived from geotechnical data of the project (PoLam et al., 1998), 
(Mosher and Dawkins, 2000). The foundation is formed by 4 piles 5 ft (1.5 m) wide in diameter, 
tip supported on a firm but soft marl bedrock, characteristic of the Andalusian region, near 100 ft  
(30 m) deep below grade. The rock is therefore relatively stiff, but the piles are long enough to 
provide some degree of extra flexibility at the pile cap level. Furthermore, the clay soil between 
grade and bedrock allows for some shear-like lateral pile displacement. The periods of vibration 
in the transverse direction of the 4 models are summarized in TABLE I. 

 
 

SEISMIC HAZARD EVALUATION 
 

The spectral acceleration at the characteristic period of each model was used as the Intensity 
Measure (IM) for characterizing the earthquake ground motion intensity.. The evaluation of the 
seismic hazard at the viaduct site has been performed according to the approximate hazard 
estimation provided by the Spanish Seismic Code (NCSP-07) (Figure 11), which has been 
corroborated by regional probabilistic hazard assessments (Benito et al., 2010). 

 
 

SEISMIC DEMAND (EDP) AND DAMAGE (DM) ESTIMATION 
 

Force and deformation demands in the structure were computed at increasing levels of 
earthquake intensity by using Incremental Dynamic Analyses (IDA) (Vamvatsikos and Cornell, 
2002), using ground motion scaled to match spectral acceleration at the different characteristic 

 
TABLE I. CHARACTERISTIC PERIODS FOR BEHAVIOR MODELS 

Model # Assumed Behavior Characteristic Period T 
2 Ieff=0.8·Ig | Stiff Foundation 0.72 s 
4 Ieff=0.8·Ig | Flexible Foundation 0.97 s 
6 Ieff=0.3·Ig | Stiff Foundation 1.14 s 
8 Ieff=0.3·Ig | Flexible Foundation 1.31 s 
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oscillation periods 

Figure 12. Ground motion set scaled to 1·g at T=0.72s. 
Median in blue, ±1· in green. 

 
periods for each different structural model (stiffness at the yielding of the first hinge) as 
illustrated in Figure 12. The set of ground motions was selected from the PEER ground motion 
database by using their online tool for ground motion selection (PEER, 2012). Sixty different 
ground motions were selected to match the design spectrum of the Spanish Seismic Code 
(NCSP-07).  

As previously stated, the intended damage estimation is both for structural components 
and for some key nonstructural components critical to the functionality of the viaduct, namely 
the rail. For assessing structural damage, the EDP considered was the maximum column drift 
ratio, whereas for rail damage the EDP considered was the residual column drift ratio. This 
double approach is intended to measure the relative importance of both structural and 
nonstructural elements in the seismic assessment of the viaduct. Structural damage measure 
(DM) considered were those corresponding to the damage states of yielding in the longitudinal 
reinforcement (DMs1), compression concrete spalling (DMs2), and buckling of the longitudinal 
compression reinforcement (DMs3), by using fragility functions for bridge piers developed by 
Berry and Eberhard (Berry and Eberhard, 2003). The DMs considered for the rail were those 
corresponding to the damage states of train speed reduction (DMt1), track closure due to track 
misalignment (DMt2), and extensive track repair (DMt3), computed through the probabilistic 
model proposed by Pitilakis (Pitilakis et al, 2011). Median Column Drift Ratio (CDR0.5), Median 
Residual Drift Ratio (RDR0.5), and corresponding dispersion data for each DM fragility curve are 
provided in TABLE II. 

 
TABLE II. DAMAGE MEASURES FRAGILITY CURVES PARAMETERS 

Structure Damage Measures (DMs) Track Damage Measures (DMt) 
DMs1: Yielding CDR0.5=4.99·10-3 Ln=0.30 DMt1: Speed Reduction RDR0.5=1.43·10-3 Ln=0.7 

DMs2: Spalling CDR0.5=2.87·10-2 Ln=0.40 DMt2: Track Closure RDR0.5=5.74·10-3 Ln=0.7 
DMs3: Buckling CDR0.5=5.9·10-2 Ln=0.26 DMt3: Extensive Repair RDR0.5=1.42·10-2 Ln=0.7 
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Figure 13. Spectral Index flow diagram for assessing derailment (Adapted from Luo and Miyamoto, 2007) 

 
Furthermore, an assessment of the likelihood of train derailment was performed according to 

the methodology proposed by the Japanese Railway Administration (RTRI, 2007a). The 
Engineering Demand Parameter (EDP) considered for this assessment was the Spectral Index 
(Luo and Miyamoto, 2007). This index measures the vehicle likelihood of derailment (by both 
rocking and rolling derailment mechanisms) when subjected to transverse earthquake loading. It 
is computed as the integral of the velocity response spectrum of the vehicle motion (considered 
as a SDOF structure) between T1=0.1s and T2=2.5s, excited by a motion equal to the acceleration 
recorded or computed on top of the bridge (Figure 13). 

The Spectral Index corresponding to derailment has been chosen as a sharp limit of SI=4100 
mm (161.4 in), which corresponds to the limit proposed for a Shinkansen vehicle type for this 
range of bridge oscillation periods (RTRI, 2007a). Although the dynamic characteristics of 
European trains are not equal to these of the Japanese lines, and due to the lack of data regarding 
this issue, this assumption can be seen as a first approach for the probabilistic analysis of 
derailment. 

Response history analyses were carried out using a Newmark time integration algorithm 
(=0.25, =0.5) assuming a constant acceleration between record sampling points. The 
convergence at each time step was achieved through a Newton-Raphson scheme, and a 5% 
Rayleigh damping pattern at 1st and 2nd modes of vibration was considered. 

 
 

SEISMIC PERFORMANCE 
 

The seismic performance of the viaduct was evaluated by means of fragility curves relating 
the ground motion intensity (spectral acceleration at the characteristic period of each model) to 
the previously introduced damage measures (Collapse, derailment, structural DMs and track 
DMs). In what follows, we will interpretate the obtained fragility curves of each behavior model, 
in the light of the assumptions made for each of them. 
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Figure 14. Incremental Dynamic Analysis with 
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Figure 15. Incremental Dynamic Analysis with Spectral 
Index as EDP. 

 
From the collapse fragility function (Figure 16), we can observe how for a given ground 

motion intensity, models on flexible foundation have a higher probability of collapse, and for a 
given foundation model, the probability of collapse under a given ground motion intensity 
increases as the period of vibration increases, since they undergo larger lateral deformations. 
However it should be noted that the probability of exceedance of a given spectral acceleration is 
not the same for all model and this probability in general decreases as the period of vibration 
increases.  

For the derailment fragility function (Figure 17), we can observe how flexible structures 
exhibit considerably more risk of derailment than the stiffer structures. This is an intuitive result: 
given that the Spectral Index is related to the structure maximum pseudo-velocity, and therefore, 
a softer structural response that produces larger displacements and larger velocities increases 
dramatically the risk of derailment. 
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Figure 16. Collapse fragility curves for different 

behavior models 
Figure 17. Derailment fragility curves for different 

behavior models 
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Fragility Curves. Model 2
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Figure 18. Structure and track fragility curves for 

model 2 (Ieff=0.8·Ig, Stiff foundation). 
Figure 19. Structure and track fragility curves for 

model 8 (Ieff=0.3·Ig, Flexible foundation). 
 
Regarding the fragility curves for the damage measures at the structure level and track 

level for different behavior models (Figure 18 and Figure 19), we can observe how, for the same 
intensity level, a softer response increases the risk associated to the track DMs. Given that the 
structure accommodates larger transient displacements by means of foundation rocking, the 
residual drift ratio larger than in the stiffer structure, yielding a larger track misalignment/offset 
at the end of the earthquake. 

 
 

CONCLUSIONS 
 
A seismic performance assessment of a High-Speed Rail Line (HSRL) viaduct located in 

a region of moderate seismic hazard in the south of Spain has been performed. The performance 
assessment methodology developed by the Pacific Earthquake Engineering Research Center 
(PEER) has been extended to consider the performance of nonstructural components that are 
critical to the functionality of the HSRL. 

The seismic response of a typical bent was carefully analyzed by conducting Incremental 
Dynamic Analyses in which the structure is subjected to ground motions scaled to increasing 
ground motion intensities. Record-to-record variability is explicitly considered in the analyses by 
using a relatively large number of ground motions (sixty) and computing the probability 
distribution of various response parameters at each level of ground motion intensity. Modeling 
uncertainty was considered by developing various detailed finite element models with different 
assumptions in both the piers and the foundation. Fragility functions were then used to estimate 
the probability of reaching different damage states for the structure and for the rail tracks. 

In this paper, results have been summarized for four structural models resulting from 
combination of a flexible bent and a stiffer bent model on rigid and flexible foundations. All four 
models were found to have negligible probability of collapse for ground motions likely to occur 
at this site of moderate seismicity. Nevertheless, larger intensity levels were considered to study 
the relative performance of the various models. It is concluded that models that incorporate a 
flexible foundation experience larger lateral displacements relative to the ground that models on 
a rigid foundation and therefore lead to larger probabilities of collapse. Similarly, for a given 
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ground motion intensity and foundation model, the flexible bent models experience larger 
displacement demands than stiffer bent models leading to larger probability of collapse.  

Damage measures for the rails indicate that probability of misalignments/offsets are 
significantly larger than probabilities of experiencing concrete cover spalling or buckling of 
longitudinal reinforcement, indicating that lateral deformations large enough to requirement rail 
repairs or realignment are smaller than those that would lead to significant structural damage. In 
particular, the probability of experiencing residual deformations increases significantly once 
ground motion intensities leading to yielding of the structure are reached. 

The approach used here for the evaluation of this viaduct provides a rational framework that 
explicitly considers uncertainties in the ground motion intensity, the structural response, the 
damage as well as the consequences of the damage on the functionality of the high-speed rail. 
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