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Abstract. Prior to modern seismic provisions, several bridges were not designed for seismic actions in moderate seismic areas.
Precast multi-girder and slab bridges are typical highway overpass structures; they have a significant contribution to national
bridge stocks. Since the seismic behavior is questionable, a preliminary parametric study is conducted to determine critical
configurations and components. The results indicate that the behavior of the abutments, backfill soil, superstructure and
foundation is normally satisfactory; however, the superstructure-abutment joints are critical for both single- and multi-span
bridges, while the piers are also critical for longer multi-span configurations. The parametric results provide a solid basis both for
detailed seismic assessment and development of design concepts of newly built structures in moderate seismic zones.
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1. Introduction

In modern seismic codes (e.g., CEN 2008a, b, BSSC
2009) seismic design of bridges is prescribed in moderate
seismic regions; however a large portion of existing
structures were non-seismically designed in these areas due
to the lack of proper seismic provisions prior to the
introduction of modern standards. Several studies (Choi and
Jeon 2003, Nielson 2005, Ramanatan et al. 2012,
Zsarndczay et al. 2014, Simon et al. 2015) have shown that
existing road bridges may be vulnerable even in moderate
seismic regions. This high vulnerability stems not only from
the lack of seismic design and detailing, but also from the
fact that the seismic hazard has been recently revised in
many countries of moderate seismicity (e.g., Austria,
Belgium, Czech Republic, Germany, Slovakia, Slovenia,
Switzerland). New seismic hazard maps were created
showing an increased hazard (Solomos et al. 2008),
therefore additional seismic demands are imposed on the
structures compared to the previous standards. This latter
issue is a subject of a huge debate among civil engineers
and authorities; the structural safety of existing structures
against severe earthquake-induced damage and ultimately
collapse is questionable (Borzi et al. 2013). Therefore, in
these regions, where seismic design is practically non-
existent, there is a need for a fast and overall, nationwide
seismic performance evaluation of the most important
bridge types to provide: 1) insight on the seismic risk for
the authorities; 2) information on the seismic behavior and
the critical bridge configurations and components for
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practicing engineers, which can be useful in case of a new
bridge design.

The most common structural types on highways are the
precast multi-girder (PMG) and reinforced concrete slab
bridges; these typologies are widely employed in several
moderate seismic regions around the world (Connal 2014,
Nielson 2005, Pinto and Franchin 2010). For instance,
evaluation of a representative bridge database in Hungary
(HTA 2016) shows that besides bridges with conventional
bearings, the number of PMG and slab bridges with
monolithic joints has a contribution of more than 70% to the
national bridge stock.

There are a few examples of comprehensive seismic
performance evaluation of highway bridges (e.g., in the US
(Nielson 2005), Italy (Borzi et al. 2015), Greece
(Moschonas et al. 2009), Turkey (Avsar et al. 2015)),
however there are several reasons why the results of these
studies cannot be adapted: 1) the higher seismicity of the
mentioned countries in Europe results in different design
traditions, therefore structural characteristics and details; 2)
PMG and slab bridges examined in this study are
dominantly continuous and built with monolithic joints,
while simply supported versions are more preferred in the
mentioned regions; 3) the studies do not cover all the
possible bridge configurations; 4) the vulnerability depends
on the applied seismic actions, which should be determined
considering the seismic characteristics and site properties,
thus results are expected to differ in moderate seismic
Zones.

The objective of this study is to investigate the seismic
performance of typical PMG and slab bridges. A parametric
seismic analysis and standard evaluation per the ECS8
standard are carried out. This approach is usually adopted
for preliminary seismic evaluation of structures (Faga et al.
2016). Main variable parameters (number of spans, span of
single bay, deck width, pier height) are selected to represent
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a wide range of different configurations that may be found
on highways in moderate seismic regions. Based on the
results, critical layouts and components are determined,
demand-capacity ratios of bridge components are
calculated. A possible application of the parametric results
is also illustrated with an example: a nationwide seismic
performance evaluation is performed for Hungarian road
bridges; a first estimation is given for the number of critical
bridges considering the whole bridge stock.

2. Description of the examined bridge configurations

Both PMG and slab bridges are constructed with
monolithic joints of which there are two typical types: 1)
piers are joined directly to the reinforced concrete deck
(Fig. 1(a)) in case of slab bridges; 2) vertical reinforcement
is applied at the pier cap (Fig. 1(b)) of PMG bridges and at
the abutments (Fig. 1(c)) of PMG and slab bridges to
transfer lateral forces only. Type 1 joints can be
characterized with complex behavior transferring both shear
forces and bending moments from the superstructure to the
piers, while the behavior of Type 2 joints is simpler. Since
only shear reinforcement is applied, they can be
characterized with semi-rigid rigid flexural behavior. The
flexural stiffness is negligible compared to that of the
adjacent structural elements, thus it is best approximated as
hinged (Fennema et al. 2005).

Fig. 2(a) shows the general layout of PMG bridges.
They are constructed as follows. In the first construction
steps, the substructure is created (piles, pile cap, abutments
and piers, and finally the pier cap beam); vertical
reinforcements are extended from the abutment and pier
cap. Precast beams are placed on the pier cap beam and on
the abutments. The last step is to position the
reinforcements of the deck, then the monolithic joints and
the concrete deck are constructed with cast-in-situ concrete.
Typical shear reinforcements of the monolithic Type 2 joints
are ®16/150 at the abutment and 2®16/150 at the piers.
Since there are various girder types (I,T,U etc.), a statistical
analysis is carried out based on the Hungarian bridge
database (HTA 2016) to determine the average stiffness
properties of different girder bridges as the function of the
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750 kg/m railing and 400 kg/m? pavement. Piers are
constructed as multi-column bents with 3-4 m transverse
distance. Longitudinal reinforcement ratio is typically 1%,
while minimal shear reinforcement (mostly ®12/150) is
applied due to the low shear forces in conventional design
situations (e.qg., traffic loads).

Since these bridges are highly popular on highways,
cross section of the piers (0.6 mx0.9 m) and the pier cap
(1.0 mx1.2 m) and the dimensions of the abutments (1.0
mx2.0 m) are more or less the same for all structures for the
efficient reusability of formwork. Accordingly, pier and cap
beam cross-section, abutment geometry are considered
fixed during the studies. The foundation system is mostly
pile foundation, the assumed layouts for different deck
widths are shown in Fig. 2(c). The input parameters of the
parametric study are presented in Table 1 where the
notations for different configurations are also indicated
(e.g., a 14 m wide, 3-span bridge with 6 m pier height and
20 m span length is referred to as W14S3P06L20).

Slab bridges are cast-in-situ monolithic reinforced
concrete structures commonly constructed as highway
overpass bridges along with PMG bridges. Their
construction requires stand- and formwork, thus the
construction time is longer than in case of PMG bridges.
The general layout is shown in Fig. 3(a). The global
geometry is usually the same as of PMG bridges, thus the
examined configurations and the parametric space are
assumed to be the same in this study (see Table 1).
Nonetheless, fundamental differences affecting the behavior
of slab bridges should be highlighted. Note that there is no
pier cap, piers are connected directly to the deck with a
monolithic joint which can transfer not only shear forces
but also bending moments (monolithic joint Type 1).
However, the joints at the abutments are constructed with
one layer of vertical bars only, characterized by a similar
behavior as PMG bridge joints (monolithic joint Type 2).
The stiffness and mass of the deck is calculated considering
typical slab bridge cross-sections for different deck widths

Table 1 Input parameters for the parametric study and
notations for different configurations

] Width Number of Pier height  Span
span length. These properties are used to construct an idth [m] spans [-] [m] length [m]
equivalent slab for the numerical calculations (see Fig. Values 8 14 20 234 25 8 15. 30
2(b)). Additional permanent load of the superstructure is . Y - '
Notations W08, Wid, S2, 83, 54 P02, POS, L15, L30
W20 P08
Superstructure Superstructure Superstructure
” alll " { % S _ﬁi N
Shear Shear
reinforcement reinforcement
Longitudinal — L L
a) reinforcement b) Pier cap c) | Abutment

Fig. 1 Monolithic joint types. a) Piers are joined directly to the deck (Type 1; slab bridges). Shear
reinforcement is applied between: b) the deck and the pier cap (Type 2; PMG bridges); c) the deck and the

abutment (Type 2; both PMG and slab bridges)
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Fig. 2 General layout of PMG bridges: a) side-view of the bridge; b) typical cross section; ¢) applied pile foundation
arrangements for different bridge widths
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Fig. 3 General layout of SLAB bridges: a) side-view of the bridge; b) general cross-section

(Fig. 3(b)). The structural height is determined as the
function of span length.

3. Applied procedure for parametric seismic analysis

State of the art seismic vulnerability evaluation
techniques are based on analytical fragility curves (Billah
and Alam 2015). Damage evaluation is necessary for
estimating loss and economic consequences, however, to
estimate the occurrence probability of different damage
levels, each bridge has to be modeled with high fidelity and
reliable input values (Simon and Vigh 2016). In typical
moderate seismic regions, seismic design is practically non-
existent. Therefore, prior to detailed analyses, it is
advantageous to perform a preliminary study to highlight
critical configurations, and most importantly to give an
estimation of possibly critical structures, enabling the
authorities to make decisions about further actions.

Several simplified vulnerability assessment
methodologies have been worked out based on bridge
inspection without complex calculations (Kibboua et al.
2014). These methodologies (Kawashima and Unjoh 1990,

Gilbert 1993, OFROU 2005, Marchand et al. 2006) apply a
scoring system and vulnerability parameter, which are
determined considering the main aspects of bridge
vulnerability: intensity of earthquake, soil conditions, main
structural attributes etc. The disadvantage of this approach
is two-fold: 1) it requires comprehensive inspection of each
bridge (which can be a time-consuming procedure); 2) it is
based on regression analysis on bridge damage data, thus
the reliability of the evaluation is questionable, especially if
bridges with significantly different main structural attributes
are investigated.

A transitional approach between detailed fragility
analysis and simplified inspection based evaluation is the
application of a simplified yet informative analysis
procedure. The main structural attributes (e.g., pier height
or span length) of PMG and slab bridges are diverse, thus a
parametric evaluation is necessary to determine which
configurations may be vulnerable and require further
detailed analysis. Accounting for these requirements, an
intensity based approach is adopted in this study, as it was
already shown to be efficient for parametric analyses of a
large dataset of structures (Faga et al. 2016). A typical
moderate PGA value of 1.5 m/s? related to the EC8-1 non-
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Fig. 4 Applied standard Type 2 acceleration response
spectrum (PGA = 1.5 m/s?, soil type C, g=1)
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collapse criteria is considered (PGA hazard is computed at
10% exceedance rate in 50 years). Time-efficient multi
modal response spectrum analysis (MMRSA) is used to
compute seismic demands (Chopra 1995). Although
MMRSA cannot capture non-linear behavior, the short
computational time ensures to cover a wide parametric
field, and provides insight about the seismic demands.

An OpenSees procedure is written by the authors
(Simon and Vigh 2014) to carry out MMRSA per EC8-1.
The procedure calculates the necessary number of modes
(i.e., the 90% modal mass rule is applied), then spectrum
analysis is carried out. Modes are combined with the
Complete Quadratic Combination method, while the
combination of results of each direction is based on the
Square Root of the Sum of the Squares approach. The
applied acceleration response spectrum (Fig. 4) assumes a
reference soil type C and Type 2 spectral shape per EC8-1,
well reflecting typical circumstances. The bridges are
considered as ordinary bridges of normal importance, thus
an importance factor of 1.0 is used to determine the seismic
load. A behavior factor g=1.0 is applied as it is suggested by
EC8-2 for bridges with a deck connected to both abutments
with monolithic joints.
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4. Numerical model

A three dimensional beam-element model is created in
OpenSees (McKenna et al. 2010). Considering the linear
nature of the analysis method, the structural elements
(superstructure, piers and abutments; Fig. 5) are modeled
with a simple 1-D Euler-Bernoulli beam element, since the
flexure-shear interaction (Kagermanov and Ceresa 2016,
Ceresa et al. 2009) is not accounted for due to the expected
elastic behavior. The beam elements are placed in the center
of mass, eccentricity between the member axes is bridged
over with rigid elements. A typical mesh size of 0.25 m
results in approximately 100 to 1000 nodes (600-6000
DOFs), which is found sufficient to efficiently achieve
results with an acceptable accuracy. The mass of the
structure and the additional dead load (pavement, rails etc.)
are lumped at nodes.

Although, non-linear elements could be applied with the
help of effective stiffness and equivalent damping (CEN
2008b), in this case an iterative procedure is needed,
besides, the lack of knowledge on the actual cyclic behavior
of the components questions the reliability of the results.
Nonetheless, effective pier stiffness (~50-65% of the
uncracked stiffness) is accounted for, where concrete Young
modulus of 30 GPa is assumed.

The monolithic joints are modeled with linear springs
(Fig. 5 detail A), where a stiffness of 10 N/m is used to
model fully rigid conditions. Monolithic Type 1 joints
transfer both shear forces and bending moments, thus all
DOFs are set to be fixed; while the hinged behavior of Type
2 joints are taken into account by assigning fixed condition
to three translational (ux, uy, U;) and two rotational DOFs
(Dy, @;) only.

The dynamic impedance of the soil-foundation system
can be approximated through assemblies of springs,
dashpots and fictitious masses (Wolf 1985, Ceresa et al.
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Table 2 Stiffness values of the foundation springs. kx, ky and k; denote translational stiffness along the x, y and z

axis (see Fig. 5); while ky, kyy, kz; represent rotational stiffness values about the same axes, respectively
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Abutment Pier
Span Stiffness K ky kz Kk ky ke Kk ky kz Kux ky  ka
length  estimation 10° N/m 10° Nm/rad 10° N/m 10° Nm/rad
L15 Lower 028 028 056 1144 199 10* 056 056 113 2288 561 10
Upper 1.72 172 056 1299 354 10* 343 343 113 2599 871 10*
L30 Lower 028 028 094 1774 199 10* 056 056 1.88 3548 6.68 10
Upper 1.72 172 094 1929 354 10* 343 343 188 3859 979 10*

2012). In this study, a conservative approach is followed,
both radiation and material damping of the soil is neglected,
while linear springs are used to take into consideration the
translational and flexural stiffness of the pile foundation
(Fig. 5 detail B). The vertical stiffness of an individual pile
is determined as the initial stiffness of a simplified tri-linear
behavior, representing the combined behavior of skin
friction and tip resistance; the horizontal stiffness is
estimated according to EC8-5 Annex C (CEN 2009a). The
translational and rotational stiffness of the foundations are
calculated directly from the vertical and horizontal stiffness
of the individual piles considering the actual layout of the
pile foundation system.

Since PMG and slab bridges are built with monolithic
joints, the seismic resistance is provided by both piers and
abutments. In this case, the use of lower and upper bound
estimates of the soil stiffness is recommended to obtain
conservative demands for both the internal forces and
deformations. Table 2 illustrates representative stiffness
values considering the Young modulus of the soil as either
10 MPa (lower) or 100 MPa (upper) (typical range from
soft to stiff clay and from loose to compact sand).

The backfill soil under compression provides extra
support in addition to the stiffness of the abutment. Its
influence on the seismic response can be dominant in the
longitudinal direction. As part of the Caltrans seismic
research program, full-scale abutment field experiments
were conducted (Maroney 1995). The test results showed
hyperbolic force-deformation behavior of the abutment-
backfill soil system subjected to monotonic longitudinal
loading. This behavior is approximated in the model with
linear springs (due to the linear nature of the analysis
method) using the initial stiffness of the backfill soil. One
end of the springs is attached to the nodes of a rigid grid
modeling the surface of the abutment; the other end is
attached to fixed nodes (Fig. 5 detail C). The initial stiffness
of the hyperbolic curve is calculated per Caltrans (2013)
from an initial stiffness value (K;) determined for the entire
width (W) of the bridge. The stiffness is adjusted to a
typical backwall height (H=2 m) and lumped to the
abutment surface nodes proportionally to the corresponding
areas (A)

Ko =(K;-W -H/1.7m)/ A (1)

MMRSA cannot take into account that the backfill soil
works only in compression, it assigns the same initial

stiffness in the tension zone as well. The examined bridges
have both longitudinal and transverse axes of symmetry,
thus the longitudinal vibration mode with movements
toward one abutment is identical to the one moving toward
the other abutment. For this reason, during linear MMRSA
spring elements are applied at only one of the abutments to
model the effect of the backfill soil only in compression.
The simplified modeling of soil-structure interactions is
sufficient for present preliminary study, more advanced and
detailed modeling can be found in (Simon and Vigh 2016).

5. Results
5.1 Modal analysis

Typical  vibration modes of different PMG
configurations are illustrated in Fig. 6(a)-(d). The modal
analysis results show the high stiffness and thus low
fundamental periods of these structures. In the case of
shorter, less flexible bridges (see shorter span lengths in
Fig. 6(e)), the fundamental period is often lower than the T,
corner period (see Fig. 4), thus it falls onto the plateau of
the applied response spectrum. This indicates that high base
shear forces are expected and that these bridges are possibly
vulnerable against seismic actions.

Fig. 7(a) shows typical vibration modes of the
WO08S4L30P06 slab configuration, illustrating the high
level of interaction between the longitudinal and vertical
vibrations; pier shear and bending also occur during vertical
vibration due to the monolithic joint Type 1. Similarly to
PMG bridges, slab bridges can also be characterized by
high vibration frequencies (Fig. 7(b)), the fundamental
periods are often on the plateau of the applied spectrum.

5.2 Effect of the soil-structure interaction

Since PMG and slab bridges are built with monolithic
joints, the seismic resistance is provided by both piers and
abutments, thus the soil-structure interaction (SSI) can
significantly influence the seismic behavior. In this case, the
use of upper and lower bound estimates of the soil stiffness
(see Table 2) is recommended to obtain conservative
demands for each bridge component. The effect of the
backfill soil is also investigated with two different stiffness
values (Ki=28.7 kN/mm/m and 14.35 kN/mm/m) per
Caltrans (2013). Three cases are examined: in each case one
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Fig. 7 (a) Typical vibration modes and fundamental periods for the W08S4P06L30 configuration. (b) Fundamental periods of
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Table 3 Sensitivity of MMRSA results to different SSI stiffness. PO6L20 PMG bridges: a) W08S2; b) W20S4. A
denotes the relative difference between maximum and minimum values in %.

a) Pier internal forces Abutment joint Pier joint Backfill Displacement
Code Vx Vy Mx My Fx Fy Fx Fy o dx dy
[kN] [kN] [kNm] [kNm] [kN] [kN] [kN] [kN] [kPa] [mm] [mm]
100 25 153 456 122 2218 1370 30 387 63 3 6
010 23 125 368 103 2295 1355 17 293 26 3 5
001 32 172 514 163 2202 1336 46 440 38 4 6
A% 39 38 40 58 4 3 167 50 145 56 25
b) Pier internal forces Abutment joint Pier joint Backfill Displacement
Code Vx Vy Mx My Fx Fy Fx Fy o dx dy
[kN] [kN] [kNm] [kNm] [kN] [kN] [kN] [kN] [kPa] [mm] [mm]
100 59 250 745 310 8398 4756 281 1164 121 7 7
010 45 192 571 204 8082 4802 213 894 49 5 6
001 70 261 781 377 8303 4621 340 1217 76 8 7
A% 57 36 37 85 4 44 59 36 147 64 20

of the three components (backfill soil - 100, abutment
foundation - 010, pier foundation - 001) is characterized

with its higher, while the other two with their lower

stiffness values. In Table 3 and 4 representative results are

illustrated for two different layouts for PMG and slab
bridges, respectively.

Conservative pier internal forces and pier joint shear

forces are obtained considering the pier foundation as the
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Fig. 9 (a) Vertical bending moments (My) of the superstructure (W14S4P06L25 slab configuration). (b) Ratios of vertical
bending moments calculated in EQ and ULS for W14P06 slab bridges

stiffest element of the SSI (code: 001). The same behavior
can be observed in case of the abutment-backfill soil
system. The increased stiffness of these components (code:
100 or 010) can slightly affect the abutment joint shear
forces; while the passive earth pressure is significantly
dependent on the stiffness of the backfill soil (code: 100).

Observing the girder displacements, both longitudinal
and transverse movements are controlled by the stiffness of
the abutment foundation (code: 010). The results for slab
bridges are similar to the ones observed in case of PMG
bridges, however note that pier internal forces are increased
compared to PMG bridges with the same configurations. As
confirmed by Tables 3 and 4, using non-conservative
variation may lead to ~60% underestimation of specific
demands. Therefore, in this study analyses are carried out
with all the three variations to calculate conservative results
for each component.

5.3 Calculated demands

5.3.1 Superstructure

In Fig. 8(b) vertical girder bending moments of the
W14S4P06L25 PMG configuration are illustrated (note that
seismic demands obtained with MMRSA are always positive
due to the combination of modal responses, however negative
signed values are also valid because of the bi-directional nature
of earthquakes). The moments from dead load are dominantly

sagging due to the composite construction technology
(considerable dead load is carried by the simply supported
girders, since continuity is created after the hardening process
of the concrete slab). A significant contribution can be
observed from the longitudinal vibration (EQX) compared to
the vertical one (EQZ). This can be explained as follows.
Horizontal forces are transferred with eccentricity from the
substructure. The longitudinal movement of the piers can
develop only if the girders are bent (Fig. 8(a)). The high
stiffness of the whole system implies significant bending
moments; besides, the intensity of the horizontal ground
motion is usually higher.

As for slab bridges, vertical bending moments illustrated
in Fig. 9(a) shows that the contribution of the longitudinal
vibration (EQX) is still as significant as the vertical one
(EQZ). However, the total seismic effect is negligible
compared to the dead load in this case.

Evaluation of the superstructure is carried out as
follows. Even though the girders are not designed for
seismic action, they should withstand the demands in
Ultimate Limit State (ULS). Internal forces are determined
both in ULS and in seismic combination (EQ). In Fig. 8(c),
ratios of maximum bending moments of PMG bridges,
calculated in accordance with the former Hungarian
standard U T (2004) and with ECO (CEN 2011) are shown.
The two standards differ in the partial factor of the dead
load (1.1 and 1.35 in U T and EC, respectively) leading to a
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Table 4 Sensitivity of MMRSA results to different SSI stiffness. PO6L20 slab bridges: a) W08S2; b) W20S4. A
denotes the relative difference between maximum and minimum values in %

a) Pier internal forces Abutment joint Pier joint Backfill Displacement
Code Vix Vy Mx My Fx Fy Fx Fy o dx dy
[kN] [kN] [kNm] [kNm] [kN] [kN] [kN] [kN] [kPa] [mm] [mm]
100 89 221 661 257 3110 1629 200 577 85 4 8
010 64 189 562 178 2905 1602 128 478 32 3 7
001 106 247 738 315 2889 1585 253 654 48
A% 67 30 31 77 8 3 98 37 166 65 19
b) Pier internal forces Abutment joint Pier joint Backfill Displacement
Code Vix Vy Mx My Fx Fy Fx Fy o dx dy
[kN] [kN] [kNm] [kNm] [kN] [kN] [kN] [kN] [kPa] [mm] [mm]
100 269 440 1311 752 13244 8316 815 1449 192 10 11
010 231 321 955 635 12977 8669 672 1034 80 8 9
001 295 461 1375 842 11160 8202 916 1524 103 11 11
A% 27 43 44 33 18 6 36 47 140 32 22

significant difference in the superstructure capacity. The
induced additional safety per EC results in higher capacity
and better seismic performance. The EQ/ULS ratios
indicate that single span bridges are less vulnerable; and
even for multi-span bridges the critical ratio of 1.0 (failure
of the girders) for either sagging (+) or hogging (-)
moments is not reached. The low vulnerability of slab
bridges can also be confirmed, Fig. 9(b) shows that the
EQ/ULS ratios (calculated per U T) remain under 0.7.

Transverse bending moments of the superstructure may
be higher than those from ULS, however the flexural
capacity is still an order of magnitude greater, failure is not
expected. For instance, the compressive stress in the
external concrete fiber is around 2-5 MPa in case of both
PMG and slab bridges.

5.3.2 Monoalithic joints

In Fig. 10(a)-(d) resultant joint shear forces are shown.
Increasing demands with increasing span length is a general
tendency due to the higher applied mass. Shear forces are
higher at the superstructure-abutment joint as a result of the

relatively high stiffness of the abutment-backfill soil system. At
the abutment joint (Fig. 10(a)), increase is observed at shorter
piers (<4 m), while the tendency is reversed at the pier joint
(Fig. 10(b)). The effect of the deck width is illustrated in Fig.
10(c) showing that the results are nearly the same for 14 m and
20 m width, while slightly increased demands are obtained for
8m.

To evaluate critical configurations, the shear resistance
of the joints (Ry) is determined with the formula presented
in (Psycharis and Mouzakis 2012)

R,=11-n-D*-Jf, T /7s )

where n, D and fs are the number, diameter and design
strength of the rebars; f.q is the design strength of the
concrete and yr is the safety factor of 1.3. A conservative
estimation considering C20/30 concrete and S500B rebars
lead to a normalized resistance of ~110 kN/m at the
abutment (with ®16/150) and ~220 kN/m at the piers (with
2d16/150), in case of PMG bridges. The resistance at the
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abutment is definitely insufficient even for shorter spans. bending moments and the transverse shear forces (Vy) have
The lower demands and the higher resistance of the pier the same tendency (Fig. 11(a)) of being increased for
joint lead to a lower vulnerability (critical only at shorter shorter piers. However, in Fig. 11(b), the maximum values
piers). Note, however, that after a possible failure of the of transverse bending moments (My) do not correspond to
abutment joint, redistribution of the forces may risk the the lowest 2 m pier height, instead, a peak can be observed

failure of this component as well. at 4 m. The pier height does not only influence the relative
Normalized abutment joint shear forces (Fig. 10(d)) stiffness and thus the transferred lateral forces, but also the

indicate that this component may be critical for slab bridges lever arm of these forces. The pier should be high enough to

as well. Using Eq. (2) to calculate the resistance of a typical minimize the developing seismic shear forces in a way that

joint with @ 16/150 shear reinforcement results in ~110 the governing bending moments are decreased as well.

kN/m shear capacity showing that there is a high probability The required shear reinforcement (Aw/Sw) and the

that this component fails even in case of shorter spans. The flexural DC ratio are calculated per EC2-2 (CEN 2009b)

deck to pier joints are less vulnerable due to the lower shear and EC8-2

forces, besides, it can be shown that pier shear failure is

much more likely to occur prior to the failure of the Ayl8y =7eg Veg (2 f,q -COLO) @)

monolithic joint. For instance, if a typical slab bridge is

considered (W14S4P06L25), the shear forces associated _ a a

with cracking of the joint is two times larger than the pier DC =(Myeq /M ygg)" + M g I M) 4)

shear resistance. where ygq is a partial factor of 1.25 for brittle failure; Veq is

) the resultant shear force; z is the lever arm of internal

5.3.3 Piers ) ) o forces; fuq is the design strength of the stirrups; @ is the
Results for the PMG piers are depicted in Fig. 11(2)-(c).  angle of the concrete compression strut; Myeg, Myes and

Demands are Iower_ in _the longitudinal _dlrectlon wh_lch Mugd, Myra are the design moments and flexural resistance

stems from the longitudinal support provided by the high jn each direction and the exponent a takes into account the

stiffness of the abutment and the backfill soil. The  normal force in the element. Typical cross-section and
longitudinal shear forces (Vy), the corresponding My  material properties (0.6x0.9 m cross section; ®12/150
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stirrups (~1500 mm?/m); ~1% longitudinal reinforcement
ratio (16020); S500B steel and conservative concrete grade
C20/30) are used for the calculations. According to Fig.
11(c) short piers show high vulnerability against shear
forces (maximum applicable span length is <10 m), while
flexural behavior is inadequate for higher piers (but the
span length can be much longer <17 m in this case).

Slab bridge piers show higher vulnerability than PMG
bridges against shear forces and flexural failure as well
(Fig. 11(d)). The maximum applicable span length for short
piers is under 8 m, for instance.

5.3.4 Piles
The pile foundation is incorporated in the model with

simple integrated springs. Detailed analysis of the individual
piles is out of scope in this study, however forces transferred to
the pile head can be calculated using the foundation layout and
the reaction forces. Pile normal forces are calculated to
estimate whether compressive resistance failure occurs. The
typical pile resistance is around 2000-2500 kN; therefore Fig.
12(a)-(b) confirm that failure is not expected except for slab
bridges with extremely short piers and long spans, which is a
rare configuration.

5.3.5 Abutment and backfill soil

Two other components, the abutment and backfill soil
demands are shown in Fig. 12(c)-(d). The abutments are
considered as rigid blocks; therefore only global stability



Table 5 MAPGA values for pier flexural and shear failure of W14S4 bridges
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Slab PMG Pier height [m]

6.9 26 15 10 07 05 6.2 25 16 11 09 08 2

5.1 19 10 06 05 04 5.8 27 16 12 08 07 4

5.6 23 12 08 06 05 6.7 34 20 13 09 08 6 Flexural
6.3 29 15 11 08 07 6.8 39 23 15 12 10 8

6.2 34 19 13 11 09 55 39 25 18 14 12 10

3.9 11 06 03 02 02 4.6 17 09 06 04 03

5.2 17 08 04 03 02 7.2 28 14 08 05 04

7.9 31 14 08 06 05 103 46 22 12 08 07 Shear
106 50 23 14 10 08 123 68 35 19 14 11

109 71 36 24 17 13 9.8 84 50 30 22 18 10

5 10 15 20 25 30 5 10 15 20 25 30  Spanlength[m]  Component

Table 6 Relative number of critical bridge components

Single span bridges

Multi span bridges

Abutment joint  Total number  Abutment joint  Pier flexural ~ Pier shear Total number
PMG 29% 758 94% 1% 22% 602
Slab 12% 555 96% 4% 51% 166
All 22% 1313 95% 2% 28% 768
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failure is taken into consideration. Demands are determined as
the maximum longitudinal displacement that can possibly
cause stability failure, while the backfill soil demands are
measured with the maximum passive earth pressure. These
demands are in high correlation, since passive earth pressure is
caused by the longitudinal movements of the abutment. It can
be concluded that the probability of failure is low. Passive earth
pressure never reaches ~430 kPa (ultimate failure threshold per
Caltrans), while the displacements are always under 30 mm
(recommended limit for bridges of importance class Il per
EC8-2).

5.4 Critical components and layouts

To highlight critical components and layouts, maximum
acceptable PGA (MAPGA; DC ratio is divided by the
applied PGA value) is calculated for each component of
each configuration. The capacities of the components are
the ones presented in the previous subsections. Fig. 13
presents the dependency of MAPGA on the pier height and
deck width in case of PMG bridges. The pier height highly
influences the pier internal forces (especially shear), thus
the MAPGA values as well (Fig. 13(a)-(b)). As confirmed
by Fig. 13(c)-(d), the results are less sensitive to the deck
width; pier height and the length of the superstructure are
far more important structural attributes.

It is assumed that the failure of one component can
initiate the failure of the whole system (series system). It is
important to understand which component is the most
vulnerable for different layouts. In Fig. 14, MAPGA results
for the most vulnerable components are illustrated for
W14S3 PMG configurations. High vulnerability of the

abutment joint is confirmed, this component is the most
critical for every configuration. Failure of the pier is
characterized by shear or flexural failure for shorter or
higher piers, respectively. Note that flexural capacity can be
characterized with at least a limited ductile behavior. This
indicates the sensitivity of piers to shear forces for pier
heights (5-6 m) typically used in case of highway bridges.

MAPGA values are calculated for slab bridges as well.
The dependencies on the deck width and pier height are
similar to those presented in Fig. 13 in case of PMG
bridges, while the critical components are also identical for
the same configurations. However, pier internal forces are
generally higher in case of slab bridges for the same
arrangement due to the different monolithic joint Type 1,
transferring not only shear forces but also bending
moments. Besides, the mass of the slab bridges is also
higher causing higher seismic demands. Table 5 illustrates
the differences in MAPGA values related to pier flexural
and shear failure of W14S4 bridges. Worse performance can
be observed for both bridge classes if the piers are shorter
and the spans are longer. Note the better performance of
PMG bridges for a typical highway overpass configuration
(P06 and L20-25).

6. Nationwide seismic performance evaluation

A possible application of the parametric results is
illustrated through the example of a nationwide seismic
performance evaluation in Hungary as follows:

1) Essential parameters of a specific bridge are obtained

from the Hungarian road bridge database (HTA 2016)
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a)

b

v x Critical
Ay x Adequate

Fig. 16 Critical bridges. a) Single span - abutment joint failure. b) Multi span - pier failure

(bridges without sufficient input

excluded).

2) MAPGA values are determined with linear

interpolation on the parametric results for each structural

component.

3) MAPGA values are modified with a factor reflecting

bridge condition (the existing bridge database employs a

5 level scale with 1 being excellent condition and 5

being extensive damages; from condition 1 to 5 a factor

of 1.0-0.6 is applied).

4) PGA value for the bridge site is determined using the

seismic zonation map of Hungary (T6th et al. 2006).

5) DC ratio of each component is calculated comparing

the PGA and the corresponding MAPGA.

To illustrate the utilization of each bridge component
regarding all the examined bridges, empirical cumulative
distributions  (representing  non-exceedance) of the
component DC ratios are created (Fig. 15). For example, the
B1 curve in Fig. 15(a) shows that the abutment monolithic
joint is critical for ~20% of single span bridges, while the
PV curve in Fig. 15(b) indicates that ~30% of the multi-
span bridges have inadequate pier shear resistance.

In case of single span bridges only the abutment joint is
critical. In 22% of the observed 1313 bridges, there is a
possibility that this component fails (Table 6). The
percentage is lower for slab bridges, for they are often
constructed for shorter spans. Failure of this component is
highly probable for multi-span bridges as well, more than
90% of the bridges have inadequately detailed abutment
joint.

The joint failure does not necessary cause progressive
collapse in case of multi-span bridges; pier failure is far
more dangerous. Table 6 also shows the relative humber of
bridges where collapse occurs either with pier flexural or
shear failure. According to Table 6, pier shear failure is
critical for the most commonly used typical highway
overpass layout (P06 and L20-25). This is reflected in the
results: pier shear failure is more likely to occur regarding
the whole bridge stock. Note also that a significant portion
of slab bridges may suffer pier failure even though they are
usually constructed with shorter spans. It should be
emphasized, however, that these results are obtained with
conservative assumptions (both for capacities and
demands), thus the number of critical structures may be
lower in reality.

In Fig. 16, single span bridges with possible abutment
joint and multi-span bridges with pier failure (causing
progressive collapse) are illustrated. These maps are useful
tools to identify critical bridges and to select regions of

parameters are

interest for a possible retrofitting project.

7. Conclusions

Precast multi-girder and slab bridges have a significant
contribution to typical bridge inventories. Most bridges were
non-seismically designed in several moderate seismic areas;
the seismic behavior of these structures is not known. A
parametric seismic analysis is carried out to examine the
seismic behavior and to determine possible critical components
and layouts. The following conclusions are drawn from the
results:

* Modal analysis confirms that these structures are
relatively stiff, the fundamental period often falls onto the
plateau of the applied response spectrum.
* Investigation of the effect of the soil-structure interaction
concludes that internal forces and displacements are highly
dependent on the relative stiffness values of the SSI
components. The analysis should be carried out taking into
account conservative stiffness combinations for each bridge
component.
+ Due to the integral construction, longitudinal movements
of the piers and abutments cause vertical bending in the
superstructure; relatively high bending moments develop
that are comparable with (or even higher than) those caused
by vertical vibration. This phenomenon is more dominant if
the span number is even (e.g., 4-span bridges). However, it
is also shown that the superstructure is likely to be
adequate even though it is designed only for ULS
combinations.
« Seismic demands are increasing with bridge length, while
monolithic joint shear forces, pier demands highly,
foundation normal forces moderately, abutment and
backfill soil demands slightly depend on pier height. The
deck width is a far less important structural attribute
regarding the seismic behavior.
* The failure of the abutment and the backfill soil is not
expected; it is also shown that pile compressive resistance
is adequate in case of typical bridge layouts.
« Single-span bridges are less vulnerable; however failure
of the abutment monolithic joint may occur.
« Longer multi-span bridges are more vulnerable, the most
critical component is the abutment monolithic joint. Note,
however, that progressive collapse is initiated with the
failure of the piers, which can be characterized as expected:
shorter piers suffer shear, while higher piers suffer flexural
failure.

* Piers can be characterized with at least a limited flexural

ductility, thus the results highlight the high vulnerability of

piers to brittle shear failure.



Parametric seismic evaluation of highway overpass bridges in moderate seismic areas 387

 Observing multi-span configurations in a typical bridge

inventory, it is found that 30% of the bridges may suffer

pier failure, which implies significant economic
consequences.

* The results related to the high vulnerability of the piers to

brittle shear failure suggest a more in deep investigation,

with more refined modeling strategies (Kagermanov and

Ceresa 2016, Ceresa et al. 2009) taking into account the

flexure-shear interaction in the seismic response of the

piers.

Although the accuracy of the adopted method is
insufficient for estimating the extent of damage, it provides a
realistic basis for assessing the overall seismic performance.
Such a preliminary parametric analysis can allow us to sketch
the most vulnerable components and layouts, therefore to
improve the knowledge on and the prevention of the seismic
risk at a national scale. The results enable the authorities to
decide about future actions: e.g., to elaborate risk prevention
plans and retrofit prioritizations. The illustrated preliminary
parametric seismic analysis approach can be efficiently used
for: 1) further detailed seismic assessment and risk based
seismic analysis; 2) retrofit planning for the critical bridges; 3)
development of design concepts of newly built structures in
moderate seismicity areas.
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