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Abstract. This research work proposes the development of a simplified method for simulated
design of existing reinforced concrete (RC) motor-way bridges. Given the fragmentary avail-
ability of data, the simulated design procedure should provide information about the rein-
forcement of bent members in order to proceed with the seismic response assessment of the
whole bridge. The developed methodology should be as simple as possible in order to be suit-
able for large scale seismic vulnerability assessment of the Italian roadway bridge stock.
Nevertheless, the methodology should be general in order to take into account the evolution
of both construction technologies and regulations within a time window of 50 years, from
1940 to 1990, the most productive period concerning the construction of Italian roadway
bridge stock. The validation of the method has been carried out through the comparison of the
available executive design documentation of several existing bridges with the corresponding
simulated design results, quantifying the discrepancy. Finally, the seismic response of both
the existing structure and the “simulated” one have been analyzed by means of non-linear
static and dynamic analyses, in order to estimate the influence of such discrepancy on the as-
sessment of the bridge response and, mainly, to evaluate its influence on the large scale seis-
mic vulnerability assessment.
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1 BACKGROUND AND MOTIVATION

The assessment of the seismic response of existing structures requires an adequate level of
information concerning the geometry of structural members and connections as well as their
material properties. Collecting a sufficient level of knowledge of the structure is indeed a pre-
liminary and fundamental step in the seismic response analysis [1] [2]. The required informa-
tion should be gathered through the review of the executive design documentation, when
available, in combination with in-situ surveys and material tests. Given that the aforemen-
tioned procedure is likely to be quite expensive in terms of resources and time (especially for
those structures whose executive design documentation is not available), the simulated design
should be considered as an alternative solution. The simulated design is particularly suitable
for large scale seismic risk assessment, with the aim of providing a preliminary estimation of
the seismic vulnerability and an order of priority for further analysis and retrofit interventions,
when a large sample of structures has to be assessed.

This research work focuses on the development of a simple but general procedure for the
simulated design of existing reinforced concrete (RC) bridges designed in Italy from 1940 to
1990. The target of the proposed procedure for simulated design is the estimation of the
amount and the configuration of longitudinal and transversal steel reinforcement in RC bent
members, knowing the member geometry and the material properties as input data. The pro-
cedure should be as simple and general as possible in order to be suitable for large-scale as-
sessment, without neglecting the evolution of both construction technologies and regulations
within the period of interest. The development of the procedure is based upon the contempo-
rary regulatory framework concerning bridge design and seismic design, which provide in-
formation about the external actions to be considered for the design. A review of several
contemporary academic manuals about bridge design ([3]+[12]) have been also considered as
a fundamental reference on this matter. The contemporary regulation concerning the design of
RC bridges and buildings has been considered for material classification and for steel bar de-
tailing.

2 EVOLUTION OF THE ITALIAN REGULATIONS IN THE 20TH CENTURY

The design of RC motorway-bridges has been subjected to regulations dedicated to bridges,
but also to prescriptions which are not specifically related to bridges. From a comprehensive
literature review carried out in this work, it can be stated that the Italian regulatory framework
consists of three main areas:

a. Prescriptions for structural design of bridges ([13]+[19]);

b. Prescriptions for structural design of buildings located in seismic areas ([20]+[22]);

c. Prescriptions for structural design of RC buildings ([23]+[26]).

The above mentioned regulations provide information on both the external loads and ac-
tions, and the detailing prescriptions the designer should have considered in the project. A de-
tailed description of the most important aspects of the evolution of the Italian regulations is
provided in [27].

3 SIMPLIFIED METHOD FOR THE SIMULATED DESIGN OF BRIDGES

The target of the simulated design of existing structures is to provide information about
those characteristics not directly obtainable from in-situ surveys, such as member reinforce-
ment or joints detailing, in the cases when the design documentation is not available. Simu-
lated design should be preferred to surveys or documentation review when the seismic
response assessment has to be carried out for a large number of homogeneous structures and
the effort of the surveys is not affordable. Design output should be as closer as possible to the
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actual configuration of the existing structure in order to proceed with an effective assessment
of its seismic response. The proposed method focuses on substructure details (steel reinforce-
ment configuration) for motorway-bridges with continuous or discontinuous deck, designed
between 1940 and 1990. The methodology is based on the elaboration of data such as age,
location and geometry of the structure and mechanical properties of materials, according to
the appropriate design prescriptions inferred from the contemporary regulation, the technical
literature and the design reports on the available cases of study.

3.1 Main assumptions

For the sake of simplicity, the design procedure relays upon assumptions about structure
geometry, distribution of forces among structural members and nodal degrees of freedom.
Such assumptions are considered to have negligible impact on design results. Furthermore,
given that most of the data about material properties is usually missing, the latter need to be
derived from the review of the contemporary regulatory framework, technical literature and
available design reports. This review represents also a reference for several assumptions and
simplifications concerning the design procedure, which allows the method to be as general as
required for large scale application but consistent with contemporary construction practice
and technologies.

One of the most important simplifications adopted in the proposed method is to consider
each pier as if it was not connected to the rest of the structure. An ideal superstructure portion
including half of each tributary span length gives the load on the piers. This implies neglect-
ing the eventual stiffness irregularity along the structure, due to differences in bent heights
and to abutments stiffness. In case of regular and irregular bridges with discontinuous super-
structure, in which relative rotation between adjacent girders is weakly inhibited, this assump-
tion is fairly consistent with the actual transversal behaviour of the structure. Also the
transversal behaviour of regular bridges with continuous superstructure is compatible with
such assumption. On the other hand, the longitudinal behaviour of irregular bridges with con-
tinuous or discontinuous superstructure is captured with limited accuracy, since in this case all
the bents are constrained to the same top displacement. However, it should be pointed out that
discontinuous superstructure is the main representative among existing motorway bridges.

Then the bearing devices between the super- and sub-structure are assumed to transfer the
entire lateral load to the substructure, including the case of merely frictional bearing capacity
[2] [28]. This is considered to be consistent with the requirement for structure serviceability
prescribed for the design level of loads.

Furthermore, it is assumed that the foundations do not suffer any stiffness loss for the de-
sign level of loads and thus the substructure base is assigned to be fully fixed.

Superstructure torsional and flexural stiffness is assumed to be negligible with respect to
substructure flexural stiffness, implying bent top is assigned free-end boundary conditions in
both longitudinal and transverse direction. Once more, this ensures a better fit to discontinu-
ous superstructure bridges behaviour than to continuous ones. Nevertheless, as continuous
superstructure is usually associated to large span lengths, the assumption is considered to be
acceptable for both bridges categories.

The method refers to contemporary regulations for what concerns external loads, particu-
larly for horizontal actions (wind, braking vehicles and earthquake) combined with permanent
and moving gravity loads. Additionally, multiple configurations of moving loads are consid-
ered in order to determine the more unfavourable set of actions (in terms of vertical and hori-
zontal forces and flexural moments) transmitted from superstructure to bent top. Vertical
loads are thus assigned a longitudinal and a transversal eccentricity, standing respectively for
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the eventual non-symmetric distribution of moving loads across the deck width and the bear-
ing device eccentricity (in case of bridges with discontinuous superstructure).

Seismic actions are included in the design procedure within the equivalent static analysis
framework. The modal analysis framework, included in national provisions from 1975, is not
included in the design procedure, because it is considered to be incompatible with the desir-
able level of simplicity. Moreover, the modal analysis is unlikely to have found widespread
application for bridge seismic design within the period of interest due to limited available
computational tools.

According to the framework of provisions for bridges, the design method considers two
conventional loading directions: longitudinal and transversal with respect to the bridge deck.
A set of actions is assigned to each conventional direction, including the corresponding verti-
cal and horizontal forces and bending moment, to be applied at bent top. When the local ref-
erence system of the bent does not coincide with the one of the deck, the sets of actions are
provided referring to the former one. Deformations and forces distribution among the pier
members is estimated by means of bi-dimensional elastic frame models, one for each conven-
tional loading direction. It should be pointed out that the axial deformability of the members
is neglected. This leads to a loss of accuracy in the estimation of axial actions within the
members, in particular for framed substructures. In these structures, assuming no member ax-
ial deformability implies that no vertical displacement is captured at the frame nodes and, thus,
the axial actions induced in vertical members by the external moment applied to bent-top can-
not be properly estimated.

Section detailing design and verification are performed by means of the allowable stress
method, independently from the year of design of the bridge, since this method was used in
the time window of reference. The section is not verified for the bi-axial bending condition,
but only for the two corresponding uniaxial components.

Lateral instability verifications are considered only for bridges designed after 1972 and the
member effective length is related to the boundary conditions and the height of the piers.

3.2 Proposed methodology

The simulated design method is organized into four main steps, namely:
e Input;
e Estimation of external actions transmitted to bent top;
e Estimation of internal actions in bent members;
e Design and verification of steel reinforcement.
Each step is described in the next subsections.

Input

The year when the executive design of the bridge was redacted is one of the fundamental
input information, as it allows the design process to be related to the corresponding regulatory,
scientific and technological context. Also the location, in terms of municipality, distance from
the coast and altitude, is an important input information, for an adequate estimation of seismic
and wind actions, in accordance with the specific regulation.

Sufficiently detailed information about the geometrical characteristic of the structure is
also needed. The width and the span-lengths of the deck are the minimum required informa-
tion about the superstructure; all the other parameters, if not available, could be obtained by a
combination of those basic data with the road traffic class (i.e. motorway or not). In particular,
superstructure height and weight could be related to its span-length; while the eventual pres-
ence of pedestrians sidewalks is easily inferable from the traffic class of the road. The geo-
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metrical configuration of the bearing devices, both in terms of their height above the bent cap-
beam and eccentricity, is required for an accurate estimation of the external actions transmit-
ted to the bent top. Information about the bearing height, if unavailable, could be related to the
year of the executive design: the employment of polymeric bearings with reinforcing steel
plates can be excluded for bridges designed before 1971 (because of the lack of regulations on
the subject) and friction supports employing relatively thin rubber layers are considered to be
quite widespread for those bridges. Information about the longitudinal eccentricity of bearings,
if not available, could be related to the longitudinal dimension of the bent cap-beam.

The geometrical characteristics of the bents should be as detailed as possible. Fundamental
information are the sectional typology and the dimensions of both columns and beams. A
standard input format have been adopted for bent geometry, according to which the former
must be defined as an assembly of segments. The data assigned to each segment can be sum-
marised as follows: height, sectional geometry and sectional multiplicity both in longitudinal
and transversal direction. The sectional geometry is represented by means of the minimum
required number of parameters in order to describe it accurately. The sectional multiplicity
parameter allows multi-column bents or spatial-frame bents to be taken into account by the
input format.

Information on the material properties, such as characteristic concrete cubic strength and
the steel yielding stress, should be also provided for a more accurate simulation of the design
of the section detailing. It has to be noted that concrete quality results to have a great influ-
ence on detailing simulation, especially for massive bents containing the minimum prescribed
steel percentage and designed before 1972, when that percentage was related to the sole
member sectional area necessary to resist purely axial loads.

For bridges designed before 1960, if there are no information on the mechanical properties
of materials, the simulated design procedure refers to the acceptability criteria for concrete
and steel provided in R.D. n.2229 [23]. For bridges designed between 1960 and 1970, if the
information is not available, the procedure assigns conventional mechanical properties ac-
cording to the statistical mean values provided in [29] [30] for concrete and steel bars em-
ployed for RC structures during that time window of reference. For bridges designed after
1970, in absence of detailed information, the simulated design procedure refers to the accept-
ability criteria for steel provided in D.M. 1972 and D.M. 1974 [31] [32]. If the class of steel is
unknown, the procedure employs the steel class FeB 38 with the corresponding minimum me-
chanical properties. Concrete characteristic compressive strength is assumed to be Ry = 25
MPa, if no different information is provided, in order to be conservative with respect to the
available statistical data provided in [29].

Estimation of external actions transmitted to bent top

The actions transmitted to the top of each pier are grouped in a vector, named Acxk, con-
taining five elements, for each considered load combination k: the vertical force N, two hori-
zontal forces Vi and Vr, acting in longitudinal and transversal direction respectively, and two
flexural moments M and Mr acting around transversal and longitudinal axis, respectively.

According to code provisions, the following sources of external actions on the top of the
pier have been included in the procedure: 1) structural self-weight and permanent loads; ii)
moving loads and their dynamic effects; ii1) wind; iv) earthquake (EQ); v) deformations (e.g.
shrinkage, pre-compression, thermal excursions). The prescribed combinations, with very
small differences between different regulations, are:

1. Structural and permanent loads + wind + deformations;

2. Structural and permanent loads + moving loads + wind (reduced) + deformations;

3. Structural and permanent loads + moving loads (reduced) + EQ + deformations.
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Each set of external forces, Acxik, 1S then rearranged in two independent vectors, Acxt dirks
defined for each direction dir (dir = 1, 2 where 1 stays for the longitudinal direction and 2 for
the transversal direction) and load combination & (Figure 1).

Estimation of internal actions in bent members

The target of the current design step is to provide different sets of vectors Ajy, collecting
internal member actions at the sections of interest, for each set of external forces Acxt dirk-
Such a vector can be expressed, for each direction dir, load combination k£ and member sec-
tion m. The internal actions, for each member section of interest, are estimated by means of
elastic analysis of planar frames. The analysis takes into account external actions Aext dirk, tO-
gether with pier members self weight (Figure 1). Each set of member internal forces obtained
for pier columns, expressed as vector Ainidirkm, 1S rearranged in two independent vectors:
Aﬂnt,dir,k,m and A’int, girk.m, 10 order to take into account for both axial load conditions of tension
and compression induced by reversal lateral loading. These vectors collect all possible con-
figurations of the internal actions for each considered loading combination and direction and
are thus appropriate for section reinforcement design and verification.
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Figure 1: External actions transmitted to a generic bent (left) and internal actions for a generic bent (right)

Design and verification of steel reinforcement

Knowing the internal actions, the longitudinal and transversal reinforcement bars are de-
signed with the allowable stress method according to the design prescriptions of the time and
being compatible with the geometrical dimensions of the section of reference.

The design of longitudinal reinforcement configuration takes into account the executive
prescriptions provided by the contemporary regulation for RC design. In particular, the mini-
mum and maximum acceptable bar diameter as well as the minimum bar spacing and concrete
cover are some of the restrictions to be observed for section rebar detailing.

According to the regulation, a minimum standard configuration of transversal reinforce-
ment should be assigned to all column and beam members. For what concerns the bar diame-
ter, a minimum of 6 mm is to be adopted and no restrictions are specified as an upper limit.
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The simulated design starts assuming the minimum amount of reinforcement prescribed in
the code of reference. When the minimum prescribed reinforcement is not sufficient for the
verification of the section, it is progressively increased until the material stresses remain be-
low the acceptable limits.

4 VALIDATION

In order to estimate the accuracy of the proposed method, the simulated design procedure
has been applied to several existing bridges. For such bridges, sufficient information had been
collected to check whether the results of simulated procedure are accurate. Section details,
such as the amount and spacing of longitudinal and transversal reinforcements, have been re-
garded as the main terms of comparison for accuracy estimation. The internal actions, if
available in the documentation, have been also compared.

Within the considered case-studies, ten bridges, grouped according to their sub-structural
type, are the focus of the validation (Figure 2):

e Bridges with wall-type substructure;
e Bridges with framed substructure;
e Bridges with single-pier substructure.

Considering the group of the bridges with wall-type substructure, five bridges over the
River Adige, located in Trento District and designed between 1961 and 1981, are considered
(Avio, 1961; Faedo, 1962; Trento, 1963; Nomi, 1976; Rovereto, 1981). All these bridges pre-
sent the same structural typology, consisting of a constant span-length discontinuous deck
simply supported on a regular substructure. The latter is fixed at the base by means of pile
foundations. The only exception is the bridge located in Rovereto (Trento) in which the first
wall is fixed to a pile-supported foundation; the other walls have drilled shaft foundations
reaching different depths. This group of bridges allowed to investigate the accuracy of the
simulated design procedure for structures designed in different periods and, thus, according to
different provisions.

Two are the bridges belonging to the group of bridges with framed substructure. They were
designed before 1950. Even if they have the same substructure typology and member sec-
tional geometry, the two structures are very dissimilar to each other because of the traffic
level and the bents height. The first bridge over the Adige river in Trento was designed in
1943 and is supported on single-level frames being 5.3 m height. The second is the viaduct
Rio Torto in Castiglione dei Pepoli (Bologna) which is supported on multi-level frames of
variable heights ranging between 13.8 m and 41.35 m. This allows the accuracy of the simu-
lated design procedure to be investigated for the same sectional geometry for two different
conditions.

Three viaducts, located in Southern Italy and designed between 1965 and 1988, belongs to
the third group considered for the validation - the bridge “Vose” in Picerno (Potenza), de-
signed in 1965; the viaduct “La Rossa” in Vietri di Potenza (Potenza), 1971; the viaduct
“Egolo” in Caltagirone (Catania), 1988. All these bridges present the same structural typology,
consisting of a constant span-length discontinuous deck simply supported on an irregular sub-
structure. A minor variation of this scheme is represented by the viaduct “Vose” in Picerno
(Potenza), which has a slightly curved deck, and by viaduct “Egolo” whose span-length is not
constant. The section geometry of the pier is hollow rectangular in the first two cases and hol-
low circular in the third case. This group of bridges allowed the accuracy of simulated design
procedure to be investigated for structures with different sectional geometry and designed ac-
cording to different provisions.
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Figure 2: Some of the RC bridges considered in the validation process. Bridges over the Adige river, Trento,
1962 (a) and 1943 (b). Viaduct over the river Rio Torto, Roncobilaccio (Bologna), 1950 c). Viaduct “Vose”,
Picerno (Potenza), 1965 d).

The focus of the validation is the evaluation of the discrepancy of the results in terms of
computed reinforcing bars with respect to the actual reinforcement configuration in the exist-
ing structures, as reported in the available executive design documentation. A discrepancy of
30% has been considered as an acceptability criterion for the validation, taking into account
that the proposed methodology should be applied in large-scale assessment evaluations.

The procedure demonstrated to have a significant variability with the substructure typology
for what concerns the level of accuracy in the estimation of both longitudinal and transversal
reinforcement, although for most of the considered case studies, a better level of accuracy is
achieved for the longitudinal reinforcement with respect to the transversal one. On the other
hand, it has been derived that the level of accuracy appears to be independent from the year of
redaction of the executive design.

In case of single pier bents with wall-type section the median discrepancy affecting the es-
timation of longitudinal reinforcement ranges between an underestimation of 12% and an
overestimation of 20%, which can be considered a fairly good grade of accuracy. On the other
hand, the average discrepancy affecting transversal reinforcement ranges between an underes-
timation of 20% and an overestimation of 120%, which is extremely far from the assumed
acceptability limit. On this issue, it should be recalled that the majority of the considered case
studies seem to be in contrast with the contemporary regulations about the maximum allow-
able spacing of the transversal reinforcement bars.

The two considered cases of bridges with framed bents cannot be regarded to be part of the
same category, because of incomparable bent heights which lead to very different level of ac-
curacy. The bridge over the Adige river is characterised by piers with constant height of 5.3
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meters; the piers of the viaduct over the Rio Torto river have very different heights ranging
from 13.8 to 41.35 meters. Nevertheless, it can be generally observed that the simulated de-
sign method achieve a fairly good grade of accuracy (overestimation not exceeding 30%) for
those part of the structure where the required reinforcement is determined by the magnitude of
the applied actions (i.e. lower part of tall columns or beams), while less satisfactory results
(underestimation up to 50%) are achieved for the parts where the minimum prescribed rein-
forcement results to be adequate (i.e. upper parts of tall columns or short columns). This could
be related to the fact that construction requirements or other design choices could have lead
designers to adopt a higher quantity of reinforcement independently from contemporary pre-
scriptions and from the level of design actions.

For what concerns the single pier bents with hollow rectangular or circular sections the
longitudinal reinforcement results to be generally underestimated. The median discrepancy is
35%, which exceeds the adopted acceptability limit. The discrepancy affecting the estimation
of transversal reinforcement for this type of substructures also results not to be always satis-
factory, with peaks of 33% overestimation and of 40% underestimation.

S SEISMIC RESPONSE ASSESSEMENT OF THE BRIDGES

The simplified method for simulated design determines a discrepancy in the estimation of
steel reinforcement of member sections. In order to investigate the influence of such discrep-
ancy on the seismic response assessment of the whole structure, both nonlinear static and dy-
namic analyses have been performed. Each bridge has been analysed considering the outputs
of the simulated design and the data derived from the executive design drawings. The results
have been compared evaluating the discrepancy in terms of base shear, deck displacement and
section hysteresis. The results of two structures among those considered for the validation of
the simulated design method will be discussed in this Section: the viaduct “Egolo” in Caltagi-
rone (Catania) and the bridge over the Rio Torto river in Castiglione dei Pepoli (Bologna).
The analyses have been performed by means of the commercial software Midas Civil. The
finite element model of each bridge is characterised by masses lumped in the joints and by
fibre beam-column elements with distributed inelasticity able to catch the nonlinear response
of the piers. The fibre beam element is a standard Euler-Bernoulli force-based beam element
since, to the authors’ knowledge, the axial-flexure-shear interaction is not yet implemented in
a commercial software ([33]+[38]). The Kent-Park constitutive model is adopted for model-
ling the behaviour of concrete, the Menegotto-Pinto constitutive relationship is used for steel.

Before analysing the bridges, a comprehensive review of the state-of-the-art and code pro-
visions about nonlinear static analysis methods has been required in order to determine the
most appropriate one for the above mentioned purpose. It should be recalled that nonlinear
static analysis procedures have been developed for seismic assessment and design of regular
buildings, whose seismic response is mainly dominated by the fundamental mode of vibration.

The basic conceptual procedure consists of the following steps:

e Estimation of the push-over curve by means of bi-dimensional incremental nonlin-
ear analysis. The curve relates the total base shear Vy, to the lateral displacement ug
of a reference degree of freedom (DOF), usually a node of the roof level is chosen
in case of building analysis.

e Derivation of the equivalent SDOF system capacity curve from push-over curve;
the former relates the applied lateral force V" to the corresponding lateral displace-
ment D"

e Estimation of displacement demand of the SDOF system by means of either over
damped or reduced elastic spectrum.
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e Derivation of seismic response parameters by means of the incremental nonlinear
analysis database for the step corresponding to the SDOF target displacement.

Within the above described conceptual framework, several variations of this method have
been proposed in order to improve its accuracy ([39]+[41]). Attempts have also been made by
Chopra and Goel [42] and by Casarotti and Pinho [43] in order to take higher mode effects
into account, despite the methods are based on equivalent SDOF systems for seismic demand
estimation. The current state-of-the-art on nonlinear static method for bridge assessment is
represented by the following commonly employed push-over-based methods: 1) Capacity
Spectrum Method (CSM), ii) N2 Method, iii) Modal Pushover Analysis (MPA) and iv) Adap-
tive Capacity Spectrum Method (ACSM). The application of these procedures to bridges re-
quired an ad-hoc selection of the reference joint, with the exception of the ACSM method.

According to the prescriptions of the Italian building code [44] and on the basis of the re-
view of the state-of-the-art concerning non-linear static analysis of bridges, the modal push-
over analysis (MPA) method and N2 method have been employed respectively for the trans-
versal and longitudinal seismic response assessment of the continuous-deck bridge over the
Rio Torto rived in Castiglione dei Pepoli. The latter method has also been employed for the
transversal and longitudinal seismic response assessment of the Viaduct “Egolo” in Caltagi-
rone.

The non-linear dynamic analysis consists in the direct integration of the system of equa-
tions of motion referred to the analysed structure. The forcing function is a ground accelera-
tion time history, assigned at the base nodes of the finite element model. The implicit method
of Newmark is adopted for the integration, performing Newton-Raphson iterations until con-
vergence is obtained for each step increment of the considered ground acceleration time his-
tory. For the aims of this work, suites of natural accelerograms compatible with the
considered elastic acceleration response spectrum for the collapse limit state, have been ob-
tained by means of the software REXEL [45], which provides suites of 7 spectrum-
compatible ground motions (each including up to three components) chosen within the Euro-
pean Strong Motion Database. In this work, single component ground motions have been se-
lected within a limited group of events matching the magnitude and distance characteristics
obtained through the de-aggregation of the uniform hazard spectrum. The elastic damping has
been modelled by means of Rayleigh’s approach with a percentage of 2% damping in corre-
spondence of the first two periods of the structure (the fundamental period has been adopted
for SDOF systems).

5.1 Nonlinear static analysis of the bridge “Egolo”

This RC bridge (Figure 3) consists of a 24-span discontinuous deck resting on single-pier
bents of different heights. Since no translational constraint is provided between adjacent spans,
each pier can be analyzed separately from the rest of the structure for what concerns both the
transversal and longitudinal response, in agreement with the nonlinear static approach pro-
posed in the Italian Building Code [44]. In order to investigate the influence of the discrep-
ancy in member reinforcement due to the simulated design procedure, the response of two
representative piers has been analyzed. The latter are the shortest (7.3 m) and the tallest (14.7
m) pier of the bridge and they have hollow circular cross-section (Figure 3). The seismic haz-
ard of the site where the bridge is located has been determined according to the Italian Build-
ing Code[44]. The seismic hazard parameters have been inferred from the Italian hazard map
in correspondence of the geographical coordinates of the bridge. Two limit states are consid-
ered in the analysis — SLC and SLV according to D.M. 2008 [44].
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Figure 3: Viaduct “Egolo” (Caltagirone, 1988): general view (a) and its shortest and tallest piers (b)

Each pier is considered as a SDOF system with a mass M lumped at the deck centre of
mass. The mass M has been assumed to include the mass of the tributary deck length, that of
the cap beam and 1/3 of that of the pier. A force-based and displacement controlled pushover
analysis has been performed for each pier.
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Figure 4: Pushover curves and performance points for the damage and collapse limit states for the shortest (a)
and the tallest pier (b)
Pier Vsic (kN) Vs (KN)
Smallest pier Executive drawings 2947 2995
Simulated design 2725 2743
Difference (%) -7.5 -8.4
Tallest pier Executive drawings 1530 1530
Simulated design 1410 1403
Difference (%) -7.8 -8.3

Table 1: Influence of the reinforcement discrepancy on the base shear considering two limit states (where SLC
and SLV are two limit states defined as in D.M. 2008 [44]

As result of the simulated design, an underestimation of longitudinal reinforcement of
about 15% was obtained. Such discrepancy directly affects the pushover curve of both piers,
as shown in Figure 4. The base-shear capacity results to be underestimated of about 10% and
7% for shortest and tallest pier, respectively. Anyway the assessment of the general behaviour
of the piers is not affected by the reinforcement discrepancy. A lower maximum capacity of
the system implies a higher elastic stiffness, provided that the elastic branch of the curve is
coincident. This overestimation of the ideal elastic stiffness produces an underestimation of

4572



P. Ceresa and L. Marziali

about 15% in the estimation of the displacement demand (i.e. performance point) for both the
considered piers.

The reinforcing discrepancy results to have a very low influence on the estimation of the
base shear and bending moment demands, which is slightly (below 10%) underestimated for
both the considered piers, as reported in Table 1. Nevertheless, it should be noticed that the
seismic demand for the bridge location is not adequate to bring the piers widely into the ine-
lastic branch of the response, as can be observed in Figure 4.

5.2  Nonlinear dynamic analysis of the bridge “Egolo”

In order to further investigate the influence of the discrepancy in member reinforcement on
the seismic response, nonlinear dynamic analysis has been performed for the above mentioned
representative piers of the bridge. Since the piers have a circular section and are analyzed
separately from the rest of the bridge, there is no difference in transversal and longitudinal
response. Therefore, the selected ground motions have been arbitrarily applied in transversal
direction. The analysis employs the same distributed plasticity FE model of the nonlinear
static analysis. The results of the analyses of the bridge with the reinforcement derived from
the simulated design are compared with the results of the bridge with reinforcement obtained
from the executive drawings. The deck displacements (i.e. the displacement of the top of the
pier) and the base shear of the piers have been compared (Table 2).

The influence of member reinforcement discrepancy on top-displacement response is quite
significant for the shortest pier. The FE model with simulated design reinforcement, which is
affected by a 15% underestimation, generally experiences a higher top-displacement than the
one with the original reinforcement (Table 2) . On the other hand, the top-displacement of the
tallest pier does not appear to be significantly affected by the discrepancy of reinforcement.
This could be due to its higher deformation capacity within the elastic range.

The base shear response is not significantly affected by the discrepancy in member rein-
forcement and is generally affected by an underestimation of about 10% (Table 2). This is
consistent with the 15% underestimation of the longitudinal reinforcement obtained from the
simulated design procedure.

It can be concluded that the discrepancy in the estimation of the member reinforcement has
a small influence on the assessment of the seismic response of the considered piers, in particu-
lar when the tallest and more flexible pier are considered.

Pier Maximum deck displacement Maximum base shear
Average Average Average Average
difference (+) [%] difference (-) [%] difference (+) [%] difference (-) [%]
Smallest pier + 6.5 +39.2 -10.5 -4.3
Tallest pier -10.0 -1.7 -10.0 -1.7

Table 2: Influence of simulated design on the maximum deck displacement and the maximum base shear

5.3 Nonlinear static analysis of the bridge over the Rio Torto river

Since the bridge presents a continuous deck, it is not possible to analyze each bent as if it
was an independent single degree of freedom (SDOF). Nevertheless, the dilatation gaps lo-
cated between the spans are assumed not to transmit transversal actions between one deck
segment to the other. This allows the transversal seismic response of each segment to be ana-
lyzed separately from the rest of the structure. Moreover, since the deck consists of two inde-
pendent girders, the structure can be simplified as if it consisted of two identical bridges next
to each other and analyzed separately. The analyses presented herein are limited to the trans-
versal and longitudinal response of the portion of the bridge shown in Figure 5.
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Figure 5: Analysed portion of the viaduct over the Rio Torto river (1950, Roncobilaccio)

The numerical model consists of a lumped-mass and distributed plasticity model and em-
ploys mono-dimensional frame elements both for the bridge deck and the bent columns and
beams (Figure 6) . Each span of the bridge deck has been divided in three elastic elements of
11 m each; the two cantilever portions of the deck are not included in the model, but the cor-
responding mass is lumped at the deck end joints. The former elements are located at a dis-
tance from the cap-beam axis consistent with the position of the centre of mass of the deck
section and are assigned a generic sectional shape with the same geometrical properties of the
actual deck section. The connection between deck elements and the bents is such that all the
translational displacements are constrained and that the torsion and the transversal bending of
the deck are transmitted to the bents by means of vertical and horizontal forces, respectively.
This is achieved by means of two additional joints, with the spatial coordinates equal to the
nodes of the top of the columns, constraint to behave as a rigid body with the deck centre of
mass in all directions except from the transversal one. Those nodes are hinged to the column
top nodes by means of spring elements with high translational stiffness and negligible rota-
tional stiffness. The afore described ideal connection is sketched in Figure 6, where K [kN/m]
and Kr [kNm/rad] stand respectively for the axial and flexural stiffness, while D and R stand
respectively for translational and rotational degrees of freedom (1 standing for constrained
DOF). No restrains are applied to the deck end nodes, due to the presence of the dilatation
gaps.

As mentioned before, the selected method for the non-linear static analysis is the Modal
Pushover Method (MPA), since it represents a satisfactory trade-off between computational
simplicity and analytical accuracy and is also recommended by the current Italian Building
Code [44] for seismic assessment of existing bridges with continuous deck.

In order to proceed with the modal pushover analysis, the significant modes of vibration
for the transversal seismic response of the bridge have been identified by means of modal
analysis. The deck mass has been lumped at the elements nodes. The actual distribution of
mass within the bents has been considered by means of the consistent mass approach. The un-
cracked gross section of the members has been considered for the analysis, since a reduction
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of member stiffness would only affect the estimation of modal forces, which have no rele-
vance within the MPA approach. Stiffness reduction is expected to have a negligible effect on
the modal shapes and participant mass factors, which are of primary importance for MPA.
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Figure 6: FE model of the analysed portion of the viaduct over the Rio Torto river

The first two transversal modes of vibration sum up a participant mass of 87.3% and, thus,
have been considered to be adequate for the assessment of the transversal seismic response of
the bridge through MPA. The modal parameters of interest within the presented analysis pro-
cedure are M.P.M. which stands for the modal participant mass and I" which stands for the
modal participation factor. The results of the modal analysis are not affected by the discrep-
ancy in steel reinforcement evaluation highlighted, since the reinforcement configuration and
quantity are not involved.

Two non-adaptive force-based and displacement-controlled push-over analysis have been
carried out, one for each of the above mentioned mode of vibration. The load pattern for each
analysis have been defined according to modal shapes. The node expected to experience the
maximum lateral displacement has been chosen as reference point for the pushover curve.

Since the structure is symmetric with respect to its longitudinal axis, the transversal re-
sponse is not changing with the sign of the loading pattern (i.e. positive or negative direction).
Therefore, only the positive direction has been adopted for the analysis. It should be also
pointed out that geometrical non-linearity is not taken into account since this kind of analysis
is not supported by the software Midas Civil in combination with the distributed plasticity ap-
proach. The procedure has been repeated for two different models, one being assigned the re-
inforcement configuration and quantity reported in the available executive drawings and the
other being assigned the reinforcement configuration and quantity estimated by means of the
simulated design procedure. A total of four push-over curves is obtained for the bridge.

The discrepancy in member reinforcement has a limited impact on the transversal push-
over curves for both the load patterns. A first observation is that the load pattern (a) propor-
tional to mode 2 results in a far more flexible response of the bridge than load pattern (b) pro-
portional to mode 3. The elastic stiffness is much lower for pattern (a) with respect to pattern
(b). This is due to the fact that the former is much more demanding for the flexible side of the
sub-structure (i.e. bents 3-4-5), which is able to experience larger elastic deformations, than
for the stiff side (i.e. bents 1-2). The latter, instead, allocates the forces more uniformly along
the deck and particularly involves the stiff side of the substructure.

Moreover, the bridge displays a higher shear capacity and a hardening behaviour for pat-
tern (a) and a softening behaviour for pattern (b). Also this difference is related to the distribu-
tion of forces between the flexible and stiff side of the substructure. Due to limited elastic
flexibility of bents 1 and 2, plastic hinges are rapidly developed at column base sections for
pattern (b) and manifest a relatively brittle behaviour because of low confinement and severe
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compressive loading. The aforementioned observations on the structure behaviour are con-
firmed by the comparison of the individual push-over curves for each bent and each load pat-
tern. Bents 1-2 experience very low displacement levels with respect to bents 4-5 for pattern
(a), while the opposite can be observed for pattern (b). Combining this with the fact that the
curvature demand at column base section is sensibly lower for flexible bents 3-4-5, a further
explanation of the different behaviour of the structure for load pattern (a) and (b) is provided.
The influence of the member reinforcement discrepancy, due to simulated design, on the
pushover curves is observed to be fairly low and not to affect the global behaviour of the
structure. Nevertheless, a noticeable influence can be observed on the base-shear capacity of
the bridge for both load patterns (a) and (b), which results to be lower for the model with
simulated reinforcement. For what concerns pattern (a), it should be noted that in the model
with simulated reinforcement the flexural capacity of column members of bents 3-4-5, which
practically govern the response, is overestimated at the base sections and underestimated at
the intermediate sections. This is consistent with the results of simulated design, which pro-
vide a 12% overestimation and a 50% underestimation of longitudinal reinforcement for base
and top sections, respectively. The combination of the two aforementioned opposite effects
leads to a slight underestimation of the base-shear capacity, specially for high displacement
levels at which the concrete cracking interests also the upper part of the columns and allow
the reinforcement underestimation to affect the capacity. On the other hand, the base shear
capacity for low displacement levels appears not to be affected by the reinforcement underes-
timation at the upper part of the columns, where concrete cracking has not yet occurred, and
therefore results to be slightly overestimated, consistently with the overestimation of rein-
forcement at column base-sections obtained in simulated design.

For what concerns pattern (b), it should be noted that, in the model with simulated rein-
forcement, the flexural capacity of column members of bents 1-2, which practically governs
the response, is underestimated at the base sections. This can be related to an even more brit-
tle behaviour of the section with simulated design reinforcement with respect to the original
one, due to a longitudinal reinforcement overestimation of 28%. The effect of such reinforce-
ment discrepancy directly reflects on the response of the whole bents 1-2, since no cracking of
the sections is achieved at the upper part of the columns.

In order to investigate the influence of reinforcement discrepancy on the assessment of the
transversal seismic response of the structure the performance point has been computed for
each load pattern and the corresponding response parameters (deck-displacement and base
shear) have been combined according to SRSS rule. The determination of the performance
point, i.e. the seismic demand on the structure, associated to each of the two load patterns re-
quire each pushover curve to be transformed in the idealized capacity curve V, -D, of the
corresponding equivalent SDOF system.

As it can be observed in Figure 7, there is a significant difference for the elastic stiffness of
the equivalent SDOF systems for both modal push-over cases. In particular, the load pattern
(a) results in an overestimation of 17%, which is consistent with the aforementioned observa-
tions related to the structural response. On this subject, it should also be noted that the elastic
stiffness estimation by means of the code based approach is affected by the discrepancy in the
maximum base-shear capacity; in fact, a lower maximum capacity of the system implies a
higher stiffness, provided that the elastic branch of the curve is coincident. The load pattern (b)
results in an elastic stiffness overestimation of about 9%, which is only due to the difference
in the maximum base-shear capacity of the system. The error in the estimation of the elastic
stiffness of the equivalent SDOF system results in a low discrepancy in the estimation of the
displacement demand for both the modal pushover cases. Therefore, there is no significant
influence on the computation of the performance point for both cases, as shown in Figure 8.
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Figure 7: MPA — Capacity curves of the equivalent SDOF systems for mode 2 (left) and mode 3 (right)
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Figure 8: MPA — Performance points for SLC and SLV limit states for load patterns (a) and (b)

For what concerns the assessment of the transversal response of the bridge it can be con-
cluded that the influence of the discrepancy in steel reinforcement is negligible. The differ-
ence in the estimation of the deck-displacement for SLC limit state is well below the 10%
(Table 3), the response of the structure being generally underestimated due to the overestima-
tion of elastic stiffness. The difference in the estimation of the base shear at each bent for the
same limit state is well below the 5% (Table 3), the action being slightly underestimated and
overestimated respectively for the stiff side and the flexible side of the substructure.

Node 1 2 3 4 5

Deck displacement [cm] Executive drawings 11.2 87 9.1 152 245
Simulated design 11.0 84 85 145 238
Difference (%) -18 -35 -66 -46 -29

Bent 1 2 3 4 5

Base shear [kN] Executive drawings 1075 853 1130 732 742
Simulated design 1040 840 1145 753 754
Difference (%) 33 15 413 429 +1.6

Table 3: MPA — Influence of reinforcement discrepancy on bridge deformed shape and base-shear for SLC limit

state

It can be concluded that the discrepancy in steel reinforcement estimation of members has
a low influence on the assessment of the transversal bridge response, but it should also be
pointed out that the level of seismic demand is relatively low. A more sever seismic hazard
would eventually have resulted in a more relevant influence because of a larger excursion in
the nonlinear branch of the response. The former is no doubt more affected by the discrepancy,
in particular for the load pattern (b) proportional to mode 3.
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In order to investigate the influence of the reinforcement discrepancy on the assessment of
the longitudinal response of the bridge a non-adaptive force-based and displacement con-
trolled pushover has been performed. According to the Italian Building Code approach for
continuous deck bridges, the structure has been considered as a SDOF system and the dis-
placement at the deck level has been adopted for the push-over analysis. Since the longitudi-
nal response is not changing with the sign of the loading pattern (i.e. positive or negative
direction), only the positive direction has been adopted for the analysis. The procedure has
been repeated for two different models, one being assigned the reinforcement configuration
and quantity reported in the available executive drawings and the other being assigned the re-
inforcement configuration and quantity estimated by means of the simulated design procedure.
A total of two push-over curves is obtained for the bridge.

As shown on the left of Figure 9, the discrepancy in member reinforcement has a limited
impact on the longitudinal pushover curve for what concerns the maximum base shear capac-
ity and the global behaviour of the structure within the elastic and yielding branch of the re-
sponse. On the other hand, the global behaviour of the structure is significantly affected for
what concerns the inelastic branch, where the original structure suffers a more severe soften-
ing than the one with simulated design reinforcement. This is due to the influence of the rein-
forcement discrepancy on the column sectional response, which generate a difference in the
softening branch of the response in the columns of bents 1-2 and a slightly higher post-
yielding flexural capacity in the columns of bents 3-4-5.

-
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Figure 9: Capacity curve of the SDOF system — longitudinal direction (a). Performance points for SLC and SLV
limit states (b)

The local behaviour of the members seems to be more significantly affected by the rein-
forcement discrepancy in longitudinal direction than it is in transversal one, in particular for
taller hollow core columns. In the original structure, the nonlinearity is concentrated at the
base of the columns, since their longitudinal reinforcement is almost constant along the height.
In the structure with simulated design reinforcement, on the other hand, the nonlinearity is not
concentrated at the base of the columns, which are affected by an overestimation of 12% and
an underestimation of 50% for the longitudinal reinforcement of the bottom and top parts, re-
spectively. This effect is particularly evident for the columns of bent n°3, which is subjected
to a higher level of moment due to its higher stiffness with respect to the other two hollow
core bents.

In order to investigate the influence of reinforcement discrepancy on the assessment of the
longitudinal seismic response of the structure the performance point has been computed ac-
cording and the corresponding response parameters (deck-displacement and base-shear) have
been derived from pushover analysis. As shown on the right of Figure 9, there is no influence
of reinforcement discrepancy on the estimation of the displacement demand for SLC and SLV
limit state, since the equivalent period T  corresponds to the displacement plateau for both
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models. The difference in the estimation of the base shear at each bent for the SLC limit state
1s well below the 5%, the action being slightly underestimated and overestimated respectively
for the stiff side and the flexible side of the substructure.

It can be concluded that the discrepancy in the estimation of member steel reinforcement
has a low influence on the assessment of the longitudinal bridge response, at least for seismic
requirements in Italy, where there is a low probability of large non-linear excursions of the
piers.

5.4 Nonlinear dynamic analysis of the bridge over the Rio Torto river

The nonlinear analysis is focused on the portion of the bridge shown in Figure 5. Each
considered acceleration time history has been applied independently in transversal and longi-
tudinal direction. This simplification is considered to be adequate for the purpose of this re-
search work. Moreover, the decoupling of the two orthogonal responses seems to be
consistent with the geometry of the bridge, which consists of a straight deck supported on a
symmetric substructure with respect to the longitudinal axis. The analysis employs the same
distributed plasticity FE model as the non linear static one.

The comparison between the transversal response of the original structure and the simu-
lated one to each considered time history is carried out in terms of the displacement envelope
of the deck. It can be stated that, in general, the simulated structure experiences sensibly
lower displacements in the stiffer side of the substructure (i.e. bents 1-2) and slightly higher
displacement of the more flexible side of the substructure (i.e. bents 4-5). This seems to be
consistent with the difference in member reinforcement between the executive drawings and
the simulated design, where a sensible overestimation of longitudinal and transversal rein-
forcements affects the columns of the stiffer side. However, the effect of the estimation in
member reinforcement seems to have a low influence on the displacement response, with an
average percent difference in the displacement profile not exceeding 12.5%.

The same can be concluded considering the base shear envelope, for which the influence of
reinforcement discrepancy does not exceed the 11.5%. The action results to be slightly over-
estimated for the bents at the end-segments of the bridge and underestimated for the others.

The influence of reinforcement discrepancy on the interstory drift of the bents results to be
quite significant for the shorter ones (1-2) and almost negligible for the taller ones (3-4-5), as
reported in Table 4. This could be related to the fact that the shorter and stiffer bents suffer
more relevant excursions in the inelastic branch of sectional response and therefore their de-
formation is more affected by the reinforcement discrepancy than the taller ones. As expected,
some variability of the influence is registered among the different accelerograms, related to
their different frequency contents. However, it should be noted that the influence of the rein-
forcement discrepancy does not exceed 10% and 25% for tall and short bents, respectively.

The aforementioned average percent differences concerning the considered response pa-
rameters (i.e. deck displacement envelope, base shear envelope and interstory drift) can be
regarded as an acceptable grade of accuracy in the assessment of the bridge seismic response.
Nevertheless, it is important to point out that the response of the bent members remains al-
most entirely within the elastic field for the considered level of seismic actions and that the
influence would have been more relevant for a higher seismicity level.

The influence of the discrepancy in steel reinforcement on the analysis of the longitudinal
response is evaluated in terms of deck displacement and base shear. From the comparison of
the results, it can be stated that the longitudinal response is no significantly affected by the
discrepancy in member reinforcement estimation. This is due to the fact that the piers do not
experience any significant excursion into the inelastic branch of their response. Therefore, the
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discrepancy in reinforcement amount does not play any significant role in the assessment of
the bridge response in longitudinal direction.

Bent 1 2 3 4 5
Segment 1 Difference (+) [%] -229 -11.7 -10.0 -53 +0.5
Difference (-) [%] 256 -94 -89 -0.6 +0.5
Segment 2 Difference (+) [%] 4.1 -69 -59 -06 +6.0
Difference (-) [%] 143 -49 -52 +46 +6.0
Segment 3 Difference (+) [%] - - -48 -03 +6.5
Difference (-) [%] - - 3.7 +58 +7.1
Segment 4 Difference (+) [%] - - - -0.6 +5.6
Difference (-) [%] - - - +4.2  +6.1

Table 4: THA — Influence of simulated design on the interstory drift — average of the considered accelerograms

A scarcely appreciable influence of the reinforcement discrepancy is obtained in the esti-
mation of base shear envelope for the shorter bents (1-2), which suffer higher excursions into
the inelastic branch of sectional response than the taller ones (3-4-5). Anyway, the influence
is well below the 5%, and it can be concluded that no influence affects the response assess-
ment.

6 CONCLUSIONS

The present work aimed to provide a simple procedure for simulated design of longitudinal
and transversal reinforcement of existing RC bridge bents. The simulated design is a helpful
tool within the seismic response assessment of existing structures whose reinforcement con-
figuration is not available or in those cases when a large scale vulnerability assessment has to
be performed on a large number of homogeneous structures. According to the obtained results,
it can be concluded that the simulated design procedure is suitable to the seismic response as-
sessment of existing RC bridges, when no detailed information is available on member rein-
forcement, since it does not significantly affect the results. Nevertheless, the proposed
procedure could be further elaborated and developed in order to obtain an estimation of rein-
forcement detailing closer to the real structure subjected to seismic assessment.

First of all, a review of a wider set of original executive design documentation would allow
to include in the procedure eventual tendencies in the practice of design and construction
which are not inferable from the review of the contemporary design regulations. The same can
be said for what concerns the choice of bar diameter and concrete cover. Moreover, such re-
view could provide a wider documentation about the tendency in the choice of concrete and
steel types for bridge bents, together with their mechanical properties; this would improve the
correspondence of the input data to the contemporary technologies.

Secondly, limit states verifications such as cover concrete cracking and steel reinforcement
fatigue could be included in the procedure in addition to allowable stress verifications, in or-
der to take into account the possibility of more demanding conditions on reinforcement detail-
ing.

Finally, the procedure could be elaborated in order to include a wider range of sectional
geometries and bent typologies in order to obtain a more general methodology and avoid sev-
eral simplifications which could affect its accuracy. This is the case of walls with smoothed
extremities or hollow core elliptical piers, which are simplified as solid rectangular and hol-
low core rectangular section in the current procedure. This is also the case of tapered mem-
bers and irregular framed bents, which are simplified respectively as non-tapered members
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with the average dimension expanded throughout the entire member length and as regular
frames with constant inter-axis of bays and constant height of columns within the same level.

Further investigation could address the influence of the reinforcement discrepancy, due to
simulated design, on the verification of local behaviour in terms of usage ratio of the chord
rotation capacity and shear capacity of the bent members. The chord rotation capacity calcula-
tion according to the Italian Building Code [44] depends both on the reinforcement configura-
tion and the seismic demand (in terms of bending moment distribution along the element) and,
therefore, the evaluation of the influence of reinforcement discrepancy on this response pa-
rameter could be of interest. The same can be said for the shear capacity usage ratio, which is
strongly affected by the reinforcement configuration and could be more sensitive to the dis-
crepancy due to simulated design than the shear demand on the member itself.
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