TOWARD A PERFORMANCE-BASED EARTHQUAKE ENGINEERING
ANALYSIS OF SHORT-MEDIUM SPAN STEEL-CONCRETE
COMPOSITE BRIDGES
Fabrizio PAOLACCI1, Renato GIANNINI2, Marialaura MALENA3, Silvia ALESSANDRI4,
Alessio PAGLINI5
ABSTRACT
In this paper, the preliminary results of a vulnerability analysis carried out on a case study,
consisting of short-medium span steel-concrete composite I-girder bridges are presented and
discussed. The selected case study is part of the a group of bridges analysed within the SEQBRI
project, funded in 2012 by the European Union, that deals with a systematic development of the
Performance-Based Earthquake Engineering (PBEE) for short-medium span steel-concrete composite
I-girder bridges including seismic input randomness, demand and damage analysis as well as
economic cost-benefit estimations. More in particular, the definition of proper EDPs (Engineering
Demand Parameters) and DMs (Damage Measured) are investigated through a non-linear numerical
model of the bridge, which is developed in OpenSEES environment and analysed using IDA
technique. Fragility curves will be developed with the aim to better understand the correctness of the
selected response and damage parameters for the evaluation of the seismic vulnerability of this kind of
bridges.

INTRODUCTION
Nowadays, short-medium span steel-concrete composite I-girder bridges (SCC) made of hot
rolled steel beams are very popular, owing to their short construction time and reduced costs.
Moreover, they are very adequate for seismic areas for their limited weight. With regard to static
loading, these bridges can be easily designed according to EN1998; however, the effects of seismic
loading has not been yet adequately investigated, and thus, they may exhibit damages even in lowseismicity zones.
In general, steel-concrete composite bridges with hot rolled sections for small and medium
spans - range between 25-40 m - exhibit several advantages in terms of: 1) small total depth of
composite section; 2) no pre-stressing in concrete slab; 3) low dead weight and limited foundations
and settlements of supports; 4) simple erection methods because of no steelwork on site; 5) short
construction on site and therefore, over passing of existent railways or highways without any traffic
restrictions. Favourable consequences of the aforementioned properties are several (highly resistance
to earthquake, high durability; minimal overall costs, high demolition and recycling capability, etc.).
__________________
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In addition, hot rolled (S355M/N-S460M/N) steel produced according to the new fine grain practice
that is widely employed in the modern structural applications, can be profitably used to increase the
seismic performance of SCC bridges.
The SEQBRI project, funded in 2012 by the European Union and conceived on these premises,
deals with a systematic development of the Performance-Based Earthquake Engineering (PBEE) for
short-medium span steel-concrete composite I-girder bridges that includes seismic input randomness,
demand and damage analysis as well as economic cost-benefit estimations. In particular, a new type of
connection between steel girder and piers that use a transverse concrete cross beam is taken into
account. The steelwork parts of the composite beams are prepared in factory and equipped with steel
elements for connections (plates, holes, welded studs…). Then, the steel girders are transported on the
construction site to be placed on their supports. Without any propping, the steel span girders, simply
supported at their ends on the head of the piers, operate like isostatic beams. The joint components
(contact, studs…) and the reinforcement are installed. The slab is concreted and the continuity of the
composite beam is completed by concreting the beam joints and the transverse beams over the pier.
Possibly, separate supports can be considered between the transversal beam and the pier to limit the
shear transfer through the joint. This kind of joint has been studied in the past but only for static load
conditions. For example, the Structure Laboratory of INSA Rennes was involved in the project MIKTI
(Lachal and Ariber 2002) to investigate innovative solutions for the design and the fabrication of
beam-to-beam joints ensuring the continuity of bridge composite beams (Somja et al. 2012).
In this paper, some preliminary results of the seismic behaviour of SCC bridges equipped with
this special beam-to-beam joint is analysed and discussed in details using as case study, a 2-spans
overpassing SCC bridge, designed according to EN1998 and analysed in the light of the PBEE. More
in particular, the definition of proper EDPs (Engineering Demand Parameters) and DMs (Damage
Measured) is investigated through a non-linear numerical model of the bridge, which is developed in
OpenSEES environment and analysed using IDA technique (Vamvatsikos and Cornell 2002). Fragility
curves are developed with the aims to better understand the correctness of the selected response and
damage parameters for the evaluation of the seismic vulnerability of this kind of bridges.

DESCRIPTION OF THE CASE STUDY
The analyzed case study is a straight 2-span deck consisting of 4 main girders HE600B of S460
steel grade with 2.65m in-between distance (Figure1). The bridge is 40.00 m long and consists of 2
spans of 20.00 m, while the total width of the road cross-section is 10.60 m, with carriageway 6.50 m
wide and 2 sidewalks 2.05 m wide. The thickness of the concrete slab is equal to 25 cm. At the
abutments the steel girders are fixed to an end reinforced concrete crossbeam 0.60 m wide. By this
diaphragm, the deck is simply supported on normal damping rubber bearings. At the intermediate pier,
the steel girders are fixed to an intermediate reinforced concrete cross-beam 0.90 m wide (Figure2).
The pier (clear) height is 7.00 m. A wall type pier 0.60 m thick and 7.00 m wide is used. It is assumed
that the foundation soil is categorized as type B according to EN1998. In this example the SSI effect is
neglected.
Different types of CCB configurations have been applied in several occasions (Hanswille,
2007). Many of them are variants of the three typical configurations, which are presented at the DIN
Fachberichte 104 (2009) (Figure 2). At each type of the DIN FB proposal, the steel girder ends to a
head plate along the whole height of the cross section and the bottom flange of the girder continues
inside the CCB. The predominant (usually tensile) forces at the top flange are transferred through the
shear studs to the slab, whereas the corresponding compression through the contact between the two
opposite bottom steel flanges (types A and B) or through concrete compression (type C). On the other
hand, if tensile forces are developed at the bottom flange, these should be transferred through the
welded connection between the flanges’ extensions (type A and B) or vertical shear studs (type C for
the intermediate CCBs and all types for the edge CCBs). The shear forces are typically transferred
through shear studs placed on the head plates, aligned parallel to the bridge axis (types A and C).
Alternatively, at type B, the web is also inserted into the CCB and transversally aligned shear studs
transfer the shear forces.
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Figure 1. Longitudinal section and cross section at span for selected case study.

Last but not least, these configurations are proposed by the DIN FB in order to manage mainly
vertical actions (i.e. dead and live loads), which produce negative moments and consequently tensile
forces at the concrete slab and the top steel flange as well as compressive forces at the bottom flange.
For bridges subjected to seismic actions, significant tensile forces might be exhibited also at the
bottom flange of the steel girder, especially when monolithic connection between CCB and pier is
formed (see eq(1)). In such a case it is better the use of variants A and B to be avoided.
Considering that the CCB configuration is the most crucial detail, especially for composite
bridges in seismic prone areas and taking into account the aforementioned discussion, the widely used
DIN FB type C is chosen to be analytically as well as experimentally investigated. Though, trying to
exploit the advantages and avoid the disadvantages of the three typical configurations, a new variant is
formed and investigated, especially for, the most critical, intermediate CCB. The new configuration of
the intermediate CCB is closer to the DIN-FB-104 variant B, however the steel flanges are not inserted
into the CCB and the height of the head plate is limited (Figure 3). The idea is to transfer the forces

Figure 2. DIN Fachberichte 104 Concrete Cross Beam variants
from the composite girder to the CCB through contact and dedicated groups of shear studs.

The tensile force at the top flange is transferred gradually to the longitudinal reinforcement (or
reversely a potential compression force to the concrete slab) through a group of vertical studs, which
are placed on the top flange of the girder before the CCB. The top flange does not enter into the CCB.
The shear force is transferred to the CCB through a group of horizontal studs, transversally placed at
the sides of the girder’s web, which is inserted into the CCB. This group of studs is subjected only to
pure shear, action which is compatible to their actual function. Holes for the placement of
reinforcement are foreseen at the web.
Concerning the magnitude of the tensile stress, which might be exhibited at the bottom flange of
the steel girder, the following three cases are distinguished: (CCB1) Bottom steel flange always in
compression, (CCB2) Bottom flange in compression or in light tension, (CCB3) Bottom flange in
compression or in significant tension. Using CCB1 and CCB2 the tensile force at the bottom of the
CCB is limited. This is the case of short to medium span bridges, fully supported on bearings. CCB3
could be met at bridges with monolithic connection between CCB and pier. Significant tensile force at
the bottom flange is covered by prestressed bolts or anchor bars (Figure 3). It is very beneficial that
the duct of each anchor is filled with grease, offering the opportunity for inspection, re-tension or even
replacement in case of an extreme seismic event. In what follows the vulnerability of the selected
bridge with CCB3 is analyzed in the framework of PBEE.

NUMERICAL MODELING OF CONCRETE CROSS BEAM –STEEL GIRDER
CONNECTION
Using the FE code OpenSEES, a simplified nonlinear 2D numerical model of the bridge
equipped with concrete cross beam (CCB3) has been created, as illustrated in Figure 4. Only a single
steel girder with its tributary slab width equal to eff = 2.65 m wide is considered and thus only a
portion of pier is taken into account. Nonlinearities have been explicitly considered in the steel girders,
concrete slab, pier, shear headed studs of the CCB, shear headed studs between girder and slab.

Prestressing
Bars

Figure 3. Concrete cross beam.

Steel girder and concrete slab have been modeled using nonlinear beam elements with fiber
sections. Mechanical behaviour of steel in girders and slab reinforcement has been modeled according
to Menegotto-Pinto model, whereas the concrete has been modeled according to Kent and Park model
(Figure 4).
Vertical shear studs connecting the steel girders to slab as well as the shear studs within the
CCB are modeled using nonlinear links with elasto-plastic behaviour. Strength of the single shear stud
Qu, has been calculated according to EN 1994-2 (2006), while the related stiffness Ks has been
evaluated by mean of the shear load-slip curves (Qs) defined in Gattesco and Giuriani (1996):
s


Q
  1 e    s
Qu

(1)
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with  = 0.97,  = 1.3 mm-1 e  = 0.0045 mm-1. The effect of the shear studs along the deck is
modeled by one horizontal elasto-plastic link whereas rigid links constraint the vertical direction and
the rotation between girders and slab.
Studs welded in the transverse direction on the web plate entering the CCB are simulated with
nonlinear links in the vertical and horizontal direction. Each links simulates the effect of D25 shear
studs.

Figure 4. 2-D FE model of the bridge

The vertical head plates welded on the steel girders and directly in contact with the transverse
concrete beam are modeled by rigid links. Links standing for shear headed studs within the joint are
connected to these rigid links according to concrete crossbeam configuration. In order to reproduce the
constraint in compression due to the presence of the concrete crossbeam, four compression gap
elements have been modeled both at left and right sides of the CCB joints at two different levels, as
shown in Figure 5.

Figure 5. Fiber cross-sections of slab
and girder and gap elements of CCB joint

Figure 6. Detail of CCB3 joint configuration

The compression gaps of the 2-D numerical models link the vertical end-plate to the axis of
CCB beam at mid-support, both in the left and in the right side of the joint. Gap element is a link
element whose axial stiffness is activated only when the absolute value of the negative relative
deformation of its two end-nodes becomes greater than the initial gaps in the spring (Figure 5). A

simplified evaluation of the stiffness of the gap has been performed, assuming that the compressive
force coming from the girder would act uniformly on a surface equal to the area of the vertical headplate. The two levels of pretension bars (Dywidag type) in the bottom area of the CCB, have been
modeled by two elastic truss elements. The 2-D FE model for concrete cross beam is shown in detail
in Figure 6.

SEISMIC INPUT SELECTION FOR IDA
A group of 14 accelerograms has been selected from the PEER ground motion database. A web
application allows selecting natural time history records according to a specified range for the
characteristics of the recordings and the match to a defined response spectrum
(http://peer.berkeley.edu/smcat/). The mean squared error between the spectrum of each registration
and the target spectrum is evaluated and the best 30 records were selected. The Eurocode8 type 1
spectrum has been considered and the parameters of the registration taken into account have been the
magnitude Mw, the distance from the fault rupture DR and the local soil type. A range of Magnitude
Mw = 5.8–7.0 has been considered, while to account for source mechanisms, far-field earthquakes has
been adopted and the chosen distance DR has been comprised in a range 15-40 km.
Finally, among the 30 registrations chosen by the PEER ground motion database, 14 have been
selected so that the mean spectrum best approximate the target spectrum according to the prescriptions
of EN1998:2.
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Figure 7. Response spectra of selection for Far-filed EC8 Type 1: (a) original, (b) scaled

In order to better fit the target spectra, a criterion of selection and modification of the records
has been considered. Fourteen input signals have been picked out so that the average spectra of their
normalized time histories to each PGA matching as best as possible the normalized reference
spectrum. Moreover, a scaling factor has been applied to each input signal in order to minimize the
dispersion of the mean spectra compared to the Eurocode spectrum. The scaling factor modifies the
original record only in amplitude. Figure 7 shows the graphs of the selection.

PROBABILISTIC SEISMIC DEMAND EVALUATION OF CASE STUDIES
The selected EDPs for the chosen representative case study are listed hereafter, according to the
classification done by Mackie and Stojadinovic (2005) and Tubaldi et al (2010):
1. Global EDPs:
• Pier drift Top displacement of the pier normalized with respect to the total height.
2. Intermediate EDPs
• Bending moment-curvature M max ,  max  of the pier at the bottom section.
6
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• Bending moment-rotation of the CCB connection. These two measures have been obtained for
both the left and right sides of the joint, where the centre of the joint is identified with the
middle axis of the concrete cross beam element. The bending moment of the composite
section just before the side of interest, has been defined as follows:
M max  M slab  M girder  N  z

with M slab the bending moment of the slab, M gider the bending moment of the girder, N the
axial force in the slab and z the level arm (distance between girder and slab).
• The rotation of one side of the joint is given by the rotation of the vertical end plate with
respect to the undeformed configuration:


x
z

where x is the relative displacement between top node and bottom node of the vertical end
plate and z is the height of the vertical end plate.
3. Local EDPs
• Maximum force and relative displacement of shear studs in the CCB in the horizontal
direction.
Incremental dynamic analyses have been performed and multi-record IDA curves of the
structural response quantities mentioned above have been built. Engineering demand parameters are
plotted versus the Intensity Measure (IM) chosen as the peak ground accelerations (PGA of the
selected group of input signals). Since the properties of the seismic response depend on the intensity of
the ground shaking, a comprehensive assessment requires numerous nonlinear dynamic analyses at
various levels of intensity in order to represent different possible earthquake scenarios. The selected
scan of PGA is in the range (0.1 g - 2.0 g).
The multi-record IDA response of the pier drift and the bending moment-curvature curve of the
bottom section of the pier, obtained as mean value of the multi-record IDA, is shown in Figure 8 and
Figure 9, respectively. The mean value of the drift ratio for a PGA of 2.0g is about 7%. The typical
collapse ratio of 4% (FEMA 356, 2000) is reached around 1.1g of PGA. For a PGA of 0.3g, which
corresponds to the PGA of response spectrum type 1 (soil B) chosen for the design of the bridge, the
drift ratio is about 1.5%. It is interesting to plot together moment and curvature at the base of the pier
in order to easily observe the nonlinear behaviour of the section. Pier yields at its base for earthquakes
characterized by PGA of 0.3g while plastic hinge develops for stronger seismic actions. Red and blue
dotted vertical line, shown in figure, indicate the yielding and the ultimate curvature value
respectively. Ultimate value is obtained between 1.2 g and 1.4 g.

Figure 8. IDA-Drift ratio of the pier.

Figure 9. Bending moment-curvature (mean values) of
the bottom section of the pier.

Maximum absolute values for bending moment in the composite beam and for rotation of the
CCB joint have been also recorded during dynamic analysis. In Figure 10, bending moment-rotation
relationship (mean value) of CCB at left side, that is the maximum absolute bending moment versus

the corresponding rotation of left side of the joint, is shown. It can be seen that the onset of nonlinear
behaviour takes place "after" the yielding of the pier, or rather for higher values of PGA (0.8-0.9 g).

Figure 10. Bending moment-Rotation (mean values) of CCB left side

The IDA curves of the relative horizontal displacement between the end-plate and the mid-axis
of the CCB of 1st row and 4th row of links (representing the shear headed studs within the CCB) have
been built, together with the IDA curves of the maximum horizontal shear force in the studs.

Figure 11. Force-slip (mean values) in the 1st row of studs (left) and in the 4th row of studs (right).

Representative force-slip curves have been plotted using the mean values of the IDA curves for
both the 1st row and 4th row of shear studs (Figure 11). When the lower group begins to yield, around
0.5 g, the upper levels of connectors are subject to smaller levels of stress. In particular, 1st group is
still in the elastic range. The bigger deformations of the last line of studs are in agreement with fact
that during the seismic action the neutral axis in the CCB is closer to the first rows of connectors.
In conclusion, for events with a PGA of 0.3 g or under, the critical part is the pier only with the
formation of a plastic hinge at its base while the concrete crossbeam does not seem to be affected by
any relevant damage. First level of damage within the intermediate CCB starts to arise from 0.5-0.6 g,
value of PGA for which the lower group of studs within the CCB yield.

DAMAGE ANALYSIS AND FRAGILITY CURVES
In order to implement performance-based earthquake engineering method for the representative
case of small-medium span composite bridge and investigate its vulnerability, it has been necessary to
accurately assess the probability of reaching particular levels of damage. For this purpose, a
correlation process between the most representative engineering demand parameters and damage
measures has been made. One of the most popular methods for assessing the seismic vulnerability of
bridges is based on the construction of fragility curves, which expresses the probability of matching or
exceeding a certain level of damage of a structure as a function of the intensity of the seismic action.
8
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Piers are often the most vulnerable elements in a bridge and column failure can have
catastrophic consequences. Excessive deformations can result in spalling of cover concrete, buckling
of longitudinal reinforcement or bar fracture. To quantitatively implement PBEE for the reinforced
wall-type pier, the three events above mentioned in this work have been considered as damage
measures. Berry and Eberhard (2003), developed empirical equations to estimate deformations at bar
buckling and fracture and concrete cover spalling based on theoretically expected trends in drift ratios,
plastic rotations. The models were calibrated with existing experimental results from the UW-PEER
reinforced concrete column performance database, which includes the performance of over 400
columns. Concrete cover spalling represents the first flexural damage state, in which there are
marginal safety implications, there may be a possible short-term loss of function, and the cost to repair
concrete spalling could be significant. Buckling and fracture of the longitudinal bars represent damage
states in which safety implications are significant, partial replacement may be required, and a longer
term loss of function may occur. Drift-ratio equations proposed by Berry and Eberhard for damage
estimation are the following:
∆

∆calc
bb
L
∆calc
bf
L

(%) = 1.6 1 −

(%)=3.25 1+ke ρeff

′

db

(%)=3.5 1+150ρeff

D
db
D

1+
1-

Concrete cover spalling
P

Ag f'c

1-

P
Ag f'c

1+

L
10D

1+

L
10D

Bar buckling
Bar fracture

with ke=40, eff=0.307 volumetric transverse reinforcement ratio, f’c concrete compressive strength, db
diameter of the longitudinal reinforcement, D column depth, P axial load at the column base, Ag gross
area of the cross-section and L distance from the column base to the point of contraflexure. An
alternative representation of the damage condition in the pier is the plastic deformation at bottom
section. The corresponding levels of damage, obtained in the pier, are for concrete cover spalling
1.37%, for bur buckling 4.25% and for bar fracture 8.96 %.
Figure 12 shows the fragility curves for cover spalling, bar buckling and bar fracture in the
reinforced concrete pier. As expected, the order of the onset of damage from lowest to strongest input
conditions is: cover spalling, bar buckling and bar fracture. The probability of having cover spalling is
over 15% for 0.3 g of PGA. It grows then very fast, reaching 70% at the next step (0.4 g). For 0.5 g,
probability of cover spalling is already over 90 %. The probability of having bar buckling is under 1%
until 0.8 g. At 1.2 g it is over 50% while at 1.6 g it reaches 90%. The risk of bar fracture seems to arise
only for strongest seismic inputs. The probability of fracture of the reinforcement is 0.5% for 1.6 g and
15% for 2.0 g.

Figure 12. Fragility curves of drift ratio

Figure 13. Fragility curves of plastic rotation

Plastic rotation equations and values for the case study at the onset of cover spalling, bar
buckling and bar fracture according to Berry and Eberhard research are:

θcalc
p_sp =0.0095 1+0.001

-1

P
Ag f'c

L

fy db

D

D

1+0.08 +0.015
L

fy db

D
L

D
fy db

D

D

θcalc
p_bb =0.0009 1+7.3ρeff

1+1.3 +3.0

θcalc
p_bf =0.0009 1+6.7ρeff

1+2.4 +1.7

= 0.0174

= 0.1296

= 0.1459

Concrete cover spalling
Bar buckling
Bar fracture

Figure 13 shows the fragility curves based on the plastic rotations of bottom section of the pier.
The general trend is similar to the aforementioned fragility curves based on the drift ratio. Probability
of having cover spalling is 65% for a PGA of 0.3 g. Combining this result with the previous result, it
seems very likely to have this phenomenon for the chosen case study if a design earthquake will hit the
structure.

Figure 14. Fragility curves of curvature at bottom section of the pier

The risk of having bar buckling is still important, but lower than in the estimation based on drift
ratio. The probability of having bar buckling is almost 1% for 1.2 g, 30% for 1.4 g and 50% for 1.6 g.
Bar fracture risk occurs once again in correspondence of high IM values, although it is more probable
than in the previous vulnerability estimation. In fact, probabilities associated with bar fracture are
similar to bar buckling ones but "shifted" of around 0.2 g more. This is an interesting result which
shows that the PBEE assessment may change when global engineering demand parameters or
intermediate EDPs are considered.
Fragility curves for yielding and ultimate curvatures of pier at bottom section have also been
evaluated. These fragility curves are reported in Figure 14. There is a probability of 5% for the section
to yield at 0.2 g, while it is almost probable (80 % of P) at 0.3 g. The probability of reaching ultimate
curvature grows in correspondence of higher ground motion levels: almost 10% for 1.0 g of PGA, 30
% for 1.2 g, 60 % for 1.4 g and 60 % for 1.6 g.
For the shear headed studs of the beam-to-beam concrete connection, two levels of damage have
been considered. In particular, first level of damage is the yielding of the stud, assumed as the last
point of its elastic behaviour in the elasto-plastic constitutive law chosen in the model. The second
level of damage corresponds to the complete rupture of the stud, taken from the research work of
Gattesco and Giuriani (1996). The rupture of a shear headed stud, monotonically loaded, takes place
for a horizontal slip of 9.7 mm. The fragility curves relative to the 1st and 4th row of shear studs are
slightly different (Figure 15). In the first level of transverse studs (upper level) the probability of
exceeding yielding slip is higher in the left side than in the right one. Horizontal relative displacement
between the studs and the concrete tends to yielding values with a significant non-zero probability
(P=2%) in correspondence of PGA=0.5 g. The same probability grows from 2% up to 40% when PGA
becomes 0.6 g. In the fourth level of transverse studs (lower level) the probability of exceeding
yielding slip is slightly higher in the right side than in the left one. Moreover, significant values of
probability occur for lower PGAs than in the 1st line. When PGA=0.3 g the probability of yielding
damage is almost 1%; when PGA=0.4 g the probability of yielding damage is 30%; when PGA=0.5 g,
which corresponds to first levels of risk for 1st row, the probability of 4th row is already equal to 75%.
10
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Figure 15. Fragility curves of horizontal relative displacement of 1st and 4th rows of studs

CONCLUSIONS
The preliminary results of a vulnerability analysis carried out on a short-medium span steelconcrete composite I-girder bridge are presented and discussed within Performance-Based Earthquake
Engineering (PBEE) framework. The selected case study is a straight 2-span overpassing SCC bridge
designed according to EN1998.
Incremental dynamic analyses have been performed and multi-record IDA curves of the
structural response more interesting quantities have been built. Engineering demand parameters are
plotted versus the Intensity Measure (IM) chosen as the peak ground accelerations (PGA of the
selected group of input signals). Results provided by the numerical simulations have highlighted that,
for events with a PGA of 0.3 g or under, the critical part of the bridge is the pier with the formation of
a plastic hinge at its base while the concrete crossbeam does not seem to be affected by any relevant
damage. First level of damage within the intermediate CCB starts to arise from 0.5-0.6 g, value of
PGA for which the lower group of studs within the CCB yield. The fragility curves built for each of
the selected DM shown as for the analysed bridge each of the considered limit state has a limited
probability of occurrence, especially in terms of damage in the CCB. This shows indubitably, at least
for the analysed case, that the Eurocodes imposes a high level of safety and that a re-thinking about
the design in seismic prone areas of this kind of bridges, by using a more suitable performance-based
approach is clearly suggested.
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