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Abstract

Since a significant part of the Italian territory was not seismically classified until 2003,
most existing bridges have been designed—for decades—disregarding earthquake-induced
excitations. In fact, this means that load-bearing devices and shear keys of presently in-
service infrastructures may not be up to current codes, both in terms of resistance and
displacement capacity. Robust investigations are hence required for verifications and
possible retrofit. In this study, the seismic behaviour of a case study post-tensioned concrete
bridge built in the 1980s is numerically analysed. The examined structure is 440 m long
and composed of nine spans, built with precast segments using the balance cantilever
construction method. The deck is divided into two parts connected by a hinged joint in
the middle of the central span, obtained with three shear keys and originally designed to
allow for thermal expansion only. Most importantly, the mid-span hinge, the end joints
and the bearing devices were originally designed without considering the effects of seismic
action. In order to preliminarily investigate the performance of devices and joints, the
case study bridge is analysed by means of non-linear dynamic time history simulations,
formulating different hypotheses about the non-linear behaviour of the load bearings.
Forces and displacements over time are obtained for a set of seven accelerograms, and
maximum values are compared to the capacity of the bridge devices. Results are then
critically discussed.

Keywords: existing bridges; box girder bridges; prestressed concrete; non-linear dynamic
analyses; load bearings; shear keys; deck joints

1. Introduction

In several countries, a large proportion of existing road bridges were built during the
20th century. According to the literature, for example, in the United States, the average age
of bridges is about 47 years [1], while in Germany, most bridges in the western German
states date from 1960 to 1985 [2]. In Italy, most of the highway bridges were built between
1955 and 1975 [3], mainly from reinforced concrete (RC) or prestressed concrete (PC) [4].
In practical terms, this means that most of the existing structures were design following
outdated codes, which usually required less severe design actions compared to the current
standards [5]. Robust and extended verifications are hence required for safety purposes.

In Italy, the first seismic regulations were issued more than a century ago, in 1909,
with provisions for equivalent static analysis, which remained the only calculation method
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available for the seismic design of civil structures for decades, and it is still widely used
for simple structures [6]. More advanced numerical method such as non-linear static
(pushover) analysis or non-linear time history analysis were developed starting from the
1980s [6]. However, most European countries issued seismic regulations starting in the
1950s, with low-level codes, which were updated to latest generation of seismic codes
starting in the late 1990s [7]. Furthermore, the seismic hazard of earthquake-prone areas
has been constantly updated over the years, requiring seismic design of structures in an
ever-increasing number of regions [8]. For example, in Italy, a large part of the national
territory was not seismically classified until 2003; therefore, most existing bridges were
designed without considering the effects of earthquake excitations. Therefore, in-service
bridges could have components such as load bearings or shear keys that were not originally
design to withstand seismic actions, whose reaction forces and displacements should
be investigated.

Seismic isolation is a well-known technique used to protect bridges from earthquake
excitations [9,10], usually realised using various types of bearings such as rubber bear-
ings [11,12] or friction pendulum bearings [13,14]. Since seismic isolation has been iden-
tified as one of the most effective and practical seismic protection strategies for civil
engineering structures [15], resent research has focused a lot on these devices, looking for
both better numerical models and better device performances in terms of damping, dis-
placement capacity or re-centering capabilities, e.g., [15-19]. Less attention has been given
to older types of bearings, which are, however, the most common among existing bridges.

Furthermore, most studies focus on structures located in medium- or high-seismicity
areas, and few investigations in the literature concern bridges in areas of low seismic hazard,
although their adequate resistance against earthquake excitations is not guaranteed.

In this study, the seismic behaviour of a case study post-tensioned concrete bridge
built in the late 1980s in a low-seismicity site is numerically analysed, focusing the attention
on load bearings and expansion joints, which were originally seized to allow for thermal
expansions only. The case study bridge has a particular static scheme, with a mid-span
hinge in the central span. The scheme is not very widespread and can represent an
interesting practical application. Moreover, both the construction technique and the load
bearings used were quite common at the time. In order to assess the seismic performance
of the bridge, a preliminary finite element (FE) model of the structure is developed, and
original non-linear time history analyses are performed. To investigate the influence of the
load-bearing devices on the structural response, three different hypotheses about their non-
linear behaviour are considered. Displacements induced by the selected ground motions
are evaluated, focusing specifically on joints, load bearings and shear keys. Non-linear time
history analyses are chosen among other types of analyses (e.g., pushover analysis [20],
incremental modal pushover analysis [21] or incremental dynamic analyses [22]) because it
is a good compromise between the accuracy of results and computational effort [23].

To this aim, the case study bridge is briefly described in Section 2, while in Section 3,
both the numerical FE model of the structure and the parameters of the non-linear time
history analyses are described. The main numerical results are reported and discussed in
Section 4.

2. Case Study Bridge
2.1. Geometry and Materials

The case study structure—built in Italy in the late 1980s—is a post-tensioned concrete
bridge with a total length of 440 m, subdivided in nine spans: the first and the last ones
are 27.5 m long, while the inner spans are 55 m long. The deck of the bridge consists of a
curved continuous concrete box girder on multiple supports, which was originally built
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with precast segments using the balance cantilever construction method. The box girder is
divided into two parts of equal length, which are connected by a hinged joint in the middle
of the central span (MS] detail of Figure 1). More in detail, three steel shear keys are used:
two of them are placed in the box web (details (1) and (3) in Figure 1), one each side, while
the third one is placed in the bottom slab (detail (2) in Figure 1).
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Figure 1. Planimetric layout (a) and longitudinal cross-section (b) of the case study bridge. Dimen-
sions are in meters.

The box girder section has an average height of 2.5 m and a total width of 17.9 m.
The latter is measured on the top slab, whose thickness varies in the transversal direction
between 0.25 m (at the ends) and up to 0.40 m (at the web intersections). The bottom slab is
7.0 m wide and 0.20 m thick, with the exception of the segments near each pier, where the
thickness increases up to 0.60 m. Finally, the transversal slope of the top slab varies along
the bridge due to the different curvature radius of the planimetric layout of the deck.

Similarly to the deck, the piers are also made of prestressed concrete and have a
rectangular hollow section with stiffeners at the four edges. The outer dimensions of the
pier section are 3.4 m in the transversal direction and 2.3 m in the longitudinal direction,
while the inner dimensions are respectively 1.9 m and 1.5 m. The piers—from 8.0 to 16.9 m
high—are characterised by slight modifications in the cross-section with elevation. They
have in fact a slightly bigger section at the base (i.e., from the top surface of the foundations
up to 3.0 m height). The upper part of the pier is made of solid concrete, with a constant
thickness of 2.3 m and a transverse dimension which widens from 3.4 m up to 7.0 m in
order to accommodate two load-bearing devices on top.

According to both design drawings and test certificates made during the construction
phase of the bridge, the piers were cast using a concrete mix with a cubic compressive
strength (R.) of 40 N/mm? (400 kg/cm? in the design specifications), while for the precast
segments of the box girder, a stronger concrete was chosen, with a cubic compressive
strength of 50 N/mm? (500 kg/cm?). Reinforcement bars in all the elements are made of
FeB44K steel type, while prestressing steel with a tensile strength of 1800 N/mm? was used
for all the prestressed structural members. In Table 1, the nominal mechanical properties of
the materials considered are reported.

The case study bridge was designed according to [24] using the allowable stress
method, taking into account dead loads, wind loads, thermal action and prestressing forces,
as well as the traffic load model (for vertical vehicle loads, horizontal braking loads and
centrifugal action due to the curved layout) according to [25].

https:/ /doi.org/10.3390/buildings16030623


https://doi.org/10.3390/buildings16030623

Buildings 2026, 16, 623 4 0f 15
Table 1. Mechanical parameters of concrete, reinforcement steel and prestressing steel.
Concrete Reinforcement Steel Prestressing Steel
Parameter Value (Deck)  Value (Piers) Parameter Value Parameter Value
Rc (MPa) 50 40 fy (MPa) 430 fo) (MPa) 1600
f. (MPa) 40 32 fr (MPa) 540 fr (MPa) 1800
E. (GPa) 33.35 31.19 Es (GPa) 210 Ep (GPa) 195
€2 (%) 0.20 0.20 ey (%) 0.20 ey (%) 0.81
eu (%) 0.35 0.35 eu (%) 12.0 eu (%) 3.50

2.2. Load-Bearing Devices

Different types of load-bearing devices are used along the bridge to restrain and
support the curved deck. In particular:

- Thebearings on the abutments were chosen to allow for both longitudinal and transver-
sal displacements (“multidirectional devices”);

- The bearing on piers next to deck joints to allow only longitudinal displacements
(“unidirectional devices”);

- Other bearings were used to prevent all possible translations (“fixed devices”). All
these devices are aluminium alloy spherical bearings that allow for small rotations
and are bolted on top of the piers and to the bottom slab of the deck.

A schematic plan view is proposed in Figure 2.
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Figure 2. Plan view of the load-bearing devices. Arrows show the allowed displacements.

M = multidirectional; U = unidirectional; F = fixed.

The three shear keys on the mid-span joint (see also the SK details of Figure 1) are steel
pins rigidly connected to one side of the joint via Dywidag bars and inserted in special
cavities, appropriately created on the other side of the joint. These pins restrain relative
displacements along one direction between the two sides of the joint. Moreover, thanks to
the different orientation of the three shear keys, both horizontal and vertical differential
displacements are restrained, while both longitudinal displacements and rotations along
vertical and horizontal axes are kept free. The role of the Dywidag bars was merely intended
to anchor the metallic part to the concrete block. The prestress in the Dywidag bars, if
present, has limited magnitude and does not significantly affect the shear strength of the
device. As such, it can be neglected for the purposes of the present numerical investigation.

3. Structural Model and Seismic Analysis

In order to investigate the seismic behaviour of the case study bridge, a preliminary
FE model of the entire structure was properly developed. Non-linear time history analyses
were first performed to evaluate its structural response to several accelerogram records of
historic earthquake events under different hypotheses about the load-bearing behaviour.
Moreover, simplified pseudo-static analyses were also carried out to take into account the
spatial variability in the seismic action.
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3.1. Numerical Modelling

The reference FE model was built using the software package SAP2000® v25.2.0 [26].
More in detail, the box girder was described by using elastic frame elements, discretising
the entire deck into 182 elements, one for each precast segment, with length varying from
0.75 m to 2.85 m. Both constant-section and tapered-section frame elements were used. The
actual section of the deck in every segment was properly reproduced by taking advantage
of the FE software Application Programming Interface (API) and Python to import the full
geometry of the structure. Both node coordinates and cross-section geometry details were
reproduced according to the original design drawings of the bridge. A general view of the
FE model is reported in Figure 3.
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Figure 3. General view of the FE model for the case study bridge.

The piers were modelled using elastic frame elements combined with non-linear
hinges. More in detail, the elastic frames (with the actual cross-section of the piers) were
used for the pier shaft, one for the bottom part (with the thicker section) and one for the
remaining part of the shaft. At the same time, rigid elastic frames were used to model the
pier cap. These rigid elastic frames were defined using a square cross-section (1.0 m x 1.0 m
its size) and a “stiff” material. An elastic modulus of 2.1 x 107 MPa (i.e., 100 times larger
than the elastic modulus of steel) was considered, disregarding the material weight. The
mass of the pier caps was in fact modelled using equivalent dead loads applied at the
barycentric nodes.

The non-linear behaviour of the piers was modelled via fibre-based non-linear hinges
in order to take into account the interaction between axial force and flexural behaviour.
Fibre-based finite element analysis is a common and useful approach to model non-linear
responses of RC and PC members [27], often used to study bridge piers [28]. The plastic
length assigned to each hinge was equal to 1/10 of the pier height, as suggested by [29] for
existing bridges (close to the plastic hinge length proposed by [30]). The hinges were placed
at 1/20 of the pier height from the base. An elastic—plastic behaviour was assigned to each
steel fibre representing the rebars, and a kinematic hysteresis model was chosen. Moreover,
Mander’s constitutive law and Takeda hysteresis were used to define the non-linear cyclic
behaviour of the concrete fibres. Each pier section was discretised into 92 steel fibres (one
for each bar, as usually modelled for RC sections [31,32]) and 158 concrete fibres (with
sections not larger than 0.20 m x 0.18 m), which was considered an acceptable compromise
between accuracy and computational cost. The fibre section and the cyclic behaviour of the
concrete and steel fibres are reported in Figure 4.
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Figure 4. Fibre section at the base of the pier (a) and cyclic behaviour of concrete and steel fibres (b).

Load bearings were model using link elements with non-linear behaviour, assuming
an elastic—plastic constitutive law as in [33,34]. The vertical degree of freedom was fixed,
and a high stiffness (1 x 10 KN/ m) was assigned to both horizontal directions, while a
negligible stiffness value was considered for all the rotations (10 kNm/rad). Along the
restrained directions, an elastic—plastic constitutive law with a “yielding” force (Fy) equal
to the resistance of the devices was assigned. A similar behaviour, but with smaller forces
along the free directions, was considered to model the friction between the sliding surfaces
in a simplified way. The constitutive laws are shown in Figure 5.

Load bearing / F A Restrained degrees Shear key / F A
shear key of freedom deck joint
links Fy + links

Free degrees of

o {1 T
<

freedom (friction) opening
> ‘ >
d d
Gap
behaviour
(a) (b)

Figure 5. Elastic—plastic constitutive law of load bearings and shear keys links (a) and gap behaviour
of shear keys (axial direction) and deck joints (b).

To investigate the influence of the load-bearing devices on the structural response,
three different hypotheses about their non-linear behaviour were considered:

(@) Fy equal to 70% of the nominal resistance, i.e., as in the case of weak connections
between the load bearings and the superstructure, or the supports;
g p pPp
(b) Fy equal to the nominal resistance;
(c)  Fy equal to 150% of the nominal resistance, i.e., as in case of higher strength of both
devices and connections, with respect to the declared nominal value.

"

Case “b” was calibrated accordingly to the design documentation, case “c” was defined
assuming the nominal resistance as the serviceability limit and the ultimate strength equal
to 3/2 times the nominal resistance, and case “a” was defined as the reciprocal of case “c”,
assuming Fy equal to 2/3 ~ 70% the nominal strength. The three scenarios were defined in
order to simulate plausible conditions and not to represent exact physical states.

As described in the design drawings, two multidirectional load bearings were mod-

elled on each abutment; two unidirectional load bearings were placed on top of the first,
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fourth, fifth and eighth piers, while the remaining piers were connected to the box girder
with two fixed load bearings each.

Shear keys were also modelled with link elements using an elastic—plastic non-linear
behaviour with a high stiffness and a “yielding” force equal to the nominal resistance
along the only restrained degree of freedom, properly oriented in the direction in which
the devices implement the constraint. Very low stiffnesses were assigned to all rotational
degrees of freedom of the link representing the shear keys, as well as the transverse
direction not restrained by the steel device. In the longitudinal direction of the bridge,
aligned to the axial degree of freedom of the shear key link elements, a gap behaviour was
implemented to represent local pounding between the steel pins and the concrete part of
the deck (see Figure 5). The opening of the gap was defined to coincide with the clearance
measured during visual inspection (0.08 m), while the initial stiffness was set equal to
zero. This means that friction forces caused by the sliding movements of the shear keys
were neglected, while a high stiffness after the gap closure was considered to model the
pounding between elements.

Moreover, link elements with gap behaviour were placed at deck joints to model
pounding between adjacent members. In particular, three gap links (at the left, middle and
right side of each deck cross-section) with a 0.15 m opening, zero initial stiffness and rigid
behaviour after gap closure were placed at the initial joint at the mid-span central joint and
at the final joint.

Furthermore, since the bridge has deep foundations, with piles reaching a rigid rock
layer under the shallow soft soil layer, soil-structure interaction was disregarded, using fix
restraints at the base of the piers. Although neglecting the soil-structure interaction could
underestimate displacements up to 10-15% [35,36], modelling piers with fixed restraint
at the base is quite common [23,28], and the approximation was considered acceptable
for a preliminary study. However, it is worth noting that further more detailed studies
should take into account soil-structure interaction, e.g., explicitly modelling the soil [37].
Abutments represent very stiff elements rigidly connected to the ground; thus, they were
not included in the FE model, assuming at the top of the abutments the same motion of
the ground.

3.2. Non-Linear Time History Analyses

The structural response to seismic action was evaluated via non-linear dynamic time
history analyses, which are the most refined tool to predict the behaviour of complex
structures under dynamic actions. The seismic input was defined using records of past
earthquake events, avoiding scaling accelerograms or creating synthetic accelerograms.

Although spatial variability should be modelled applying different seismic motions at
each support [30,38], identical ground motion excitations at all supports were considered
in this study, and spatial variability effects were taken into account in a simplified method,
as described in the next two sections.

The case study bridge was considered as an ordinary structure, assuming a design
working life of 100 years, as suggested in [39] for bridges. The seismic input was estimated
for the life safety (LS) limit state, considering a probability of occurrence of 5% in the design
working life, corresponding to a return period of 949 years. Sets of three accelerograms (two
in orthogonal horizontal directions and one in the vertical direction) were selected from the
Engineering Strong Motion Database [40], using the REXELweb tool [41], in order to get
a group of seven signals with a mean pseudo-acceleration response spectrum matching
the code-conforming LS spectrum (assuming a soil category B and a flat topography, since
the terrain inclination in the site is under 15°). The seven triplets of records were selected
among sites with a B soil class, with no limitation related to the type of faulting. The
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magnitude—distance criterion was used, filtering events with magnitude between 4.0 and
7.5 and epicentral distance between 0 km and 80 km.

The accelerogram records used for the non-linear time history analyses are listed in
Table 2, while the target horizontal spectrum and the average horizontal spectrum of the

selected accelerograms are represented in Figure 6.

Table 2. Accelerogram records used in the time history analyses.

-_~
o
-
'=~-__

No. Event Network Station Mw Rep (km) PGA (cm?)
1 EMSC-20140203_0000008 HI ARG2 6.0 9.6 257
2 GR-1981-0001 HL XLCA 6.6 359 284
3 EMSC-20161026_0000077 IT NOR 5.5 11.3 163
4 EMSC-20161026_0000095 IT NOR 59 13.7 211
5 EMSC-20161026_0000077 IT NRC 5.5 11.2 295
6 INT-20230206_0000222 TK 3802 7.5 76.3 220
7 INT-20230206_0000222 TK 4611 7.5 40.5 194
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Figure 6. Horizontal target spectrum (blue continuous line), lower and upper tolerance (blue dashed
lines), average spectrum (black line) and two horizontal component spectrums (grey lines) of the
seven selected events (both north and east directions, for a total of 14 accelerograms).

The masses considered in the analyses were calculated from the self-weight of struc-
tural elements (considering a density of 24 kN/m?> of RC members) and permanent weight
of pavements and barriers, estimated equal to 43 kN/m. Pier prestressing was taken into
account, modelling tendons with a cross-section of 12.5 cm? (nine strands with 15.2 mm
diameter, as reported in the design drawings), an initial stress equal to 1250 N/mm? and
total stress losses equal to 375 N/mm? (30% of the initial stress) accounting for creep,
shrinkage and steel relaxation. The residual prestressing level was thus quantified at
0.55 times the conventional yield strength of prestressing steel f;, 91, estimated 0.90 times
the tensile strength, which is within the range considered in [42] for existing Italian
highway bridges.

Box girder prestressing was disregarded in the model because it was considered
not relevant for the dynamic behaviour of the structure, since it was assumed that the
deck remains within the elastic range during seismic events, as in [23,43]; therefore, the
prestressing does not affect the stiffness of the elements.
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The ground motion was uniformly applied at the base of the substructure in all three
principal directions. A total of 14 time history analyses were performed, half of them
obtained applying the east component of each recorded ground motion in the X direction,
the north component in the Y direction and the vertical component in the Z direction and
then rotating by 90° around the Z axis the horizontal components to get the other seven
analyses. To take into account spatial variability in the ground motion, a simplified static
analysis was performed, as described in Section 3.3. In the time history analyses, both
geometric and material non-linearities were considered. According to [30], a 2% damping
was used and modelled as viscous proportional damping between the first period (1.2 s)
and the last significant period (0.2 s) of the case study bridge.

3.3. Spatial Variability in the Ground Motion

The spatial variability in the ground motion should account for the propagative
character of the seismic waves, the progressive loss of correlation of motions at different
locations due to the random non-homogeneity of the soil, and differences in the mechanical
properties of the soil along the bridge. Soil properties along the bridge were assumed
approximatively uniform, but the total length of the bridge exceeded the appropriate limit
length Lj;y, recommended by [30], equal to Lg/1.5. For the soil category B, which was
assumed for the case study structure, the distance beyond which ground motion may be
considered uncorrelated Ly is equal to 500 m; thus, the limit length Ly;y, is equal to 333 m,
smaller than the distance between the two abutments, which is 423 m. Although [30]
requires considering the spatial variability in the seismic action only for continuous decks
longer than Lj;,,, while the case study bridge deck is divided into two continuous parts
shorter than Lj;,,, by the mid-span hinge, the spatial variability was still taken into account
in the structural analysis.

Even if it would be preferable to explicitly model the spatial variability in the ground
motion [44,45], in the present preliminary study, its effects were taken into account using the
simplified method proposed in [30] Section 3.3 by means of pseudo-static effects induced
by appropriate displacement sets imposed at the foundations of the supports. According to
the simplified method adopted, two sets of displacements were considered: a set of lateral
displacements uniformly increasing with the distance to a reference point (conveniently
selected as the first abutment of the bridge), applied with both a positive and negative
sign (set A), and another set of lateral displacements proportional to the average distance
of adjacent supports with opposite direction at adjacent supports (set B). Both set A and
set B were applied along different directions (with an inclination of 0°, 45°, 90° and 135°
with respect to the X direction of the FE model), since the bridge is curved. The most
unfavourable effects of all equivalent displacements were then combined to the effects
obtained by non-linear time history analyses with the square root of sum of squares rule.

Although spatial variability in the seismic action was considered, it is important
to note that it has a limited influence over the total results in term of both forces and
displacements of the structure, with noticeable effects only in longitudinal displacements
of the mid-span joint.

4. Numerical Results

Maximum forces and displacements were evaluated via non-linear time history analy-
ses and then combined with effects of ground motion spatial variability, focusing on load
bearings, shear keys and deck joints. Mean maximum values among all the analyses were
then analysed, comparing the different results obtained by the three different hypotheses
about the load-bearing behaviour. More in detail, the numerical results are discussed in
the following in terms of restrained displacements and free displacements for both load
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bearings and shear keys, while only negative displacements (closure) are considered for
deck joints.

4.1. Restrained Displcements of Load Bearings and Shear Keys

For unidirectional bearings (“U” devices in Figure 2), the restrained displacement
is equal to the transverse deformation of the bearings, while for fixed bearings (F), the
maximum value between longitudinal and transversal displacements was considered, as
both of them are restrained. For the shear keys (SK), the maximum displacement along
the restrained direction was considered. The mean maximum values calculated for load
bearings and shear keys, as well as their “yielding” displacement (dy), are reported in
Figure 7 for the three examined models, labelled “a”, “b” and “c”
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Figure 7. Mean maximum restrained displacements in load bearings (on the left) and shear
keys (on the right).

According to Figure 7, it can be noted that under the hypothesis of weak connections
(model “a”), the mean restrained displacement exceeds dy in almost all the load bearings,
with the exceptions of those on pier PI06, which is the tallest one. The highest displacement
demands are concentrated on the piers next to the mid-span joint (P104, PI05), while the
lowest are on their adjacent piers (P103, P104). Under the hypothesis of nominal resistance of
the load bearings (model “b”), the displacement demand decreases, with higher reduction
in piers P102, PI05 and PI07, while the displacement demand in the load bearings of P104 are
about 3 cm in both “a” and “b” models. Under the hypothesis of strong devices/connections
(model “c”), all fixed bearings remain in the elastic field, while all the unidirectional devices
exceed dy, with larger displacements in PI01 and PI08 than in PI04 and PI05.

The mean restrained displacement demand in the shear keys is less influenced by the
load bearings’ behaviour, in particular for the two devices placed in the box webs, which
show almost the same displacement, still in the elastic range, for the three different models
“a”,“b”, and “c”. The most stressed element is represented by the shear key in the bottom
slab, which restrains the relative transverse displacements of the two parts on the deck.
On average, it exceeds dy in all the models, with increasing values from “a” to “c” and
showing an opposite trend compared to the load bearings.

4.2. Free Displacements of Load Bearings

Longitudinal displacements of unidirectional (U) and multidirectional bearings (M),
as well as transversal displacements of multidirectional bearings, were evaluated and
compared to the nominal displacement limit specified in the design documentation of the
bridge. The free displacement results of the load bearings are reported in Figure 8 for the
three models assumed, labelled “a”, “b” and “c”
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Figure 8. Mean maximum free displacements in load bearings along longitudinal (on the left) and
transversal (on the right) directions.

The mean longitudinal free displacement demand in the load bearings exceeds the
nominal capacity in all devices of the second half of the bridge in the three examined
models. Very similar results are found for models “a”, “b”, and “c”, with average values of
about 6.4-6.7 cm and demand-to-capacity ratios equal to 1.3. In the load bearings in the
first half of the bridge, the average free displacements vary from 4.4 cm to 6.2 cm, with a
greater sensibility of measured displacements to the hypothesis about the description of
the load bearings’ behaviour. In fact, the mean values in model “a” are below the nominal

“"_ 1
C

displacement capacity, while models “b” and show greater demand values, which
are close to the nominal limit at pier PI04 for model “c”, and larger values are found at
abutment ABO1 and at pier PI01.

The average transversal free displacements in the load bearings on the abutments also
exceed the nominal capacity, showing demand-to-capacity ratios between 2.6 and 3.3 but
with different influence from the load bearings’ behaviour. At abutment AB01, the load
bearings show a decrease in displacement between model “a”, model “b” and model “c”,
while at abutment AB02, the largest transversal displacements are recorded in model “c”.
Both longitudinal and transversal displacements in load bearings are not large enough
to physically induce loss of support of the deck, since the devices have dimensions of
approximatively 0.7 m, but once the displacement capacity of the devices is exceeded, their
load-bearing capacity is no longer guaranteed. More refined analyses should be carried
out in order to investigate the interaction between transversal free displacements and the

load-bearing capacity of the devices.

4.3. Displacements of Deck Joints and Shear Keys

Closure of all deck joints (IJ, MS], FJ) and longitudinal displacements in the shear
keys (SK) were evaluated and compared to the capacity of each component. The nominal
capacity of joint closure was assumed to be equal to the gap between the abutment rear
wall and the deck for the initial and the final joint.

The gap between the two parts of the deck was instead taken for the mid-span joint,
while the capacity of the shear key axial displacement was assumed to be equal to the
nominal capacity specified in the design documentation of the bridge. Displacements of
deck joints and shear keys are reported in Figure 9 for the three models “a”, “b” and “c”.

Although in the design drawing very small gaps were reported between elements
(only 0.03 m between the deck and the abutments and 0.06 m in the mid-span joint), a

visual inspection showed gaps of 0.15 m at every joint (capacity reported in Figure 9).
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Figure 9. Mean maximum deck joint closure (on the left) and axial displacements of shear
keys (on the right).

The joint closure is influenced very little by the hypothesis about the load bearings’

“"_r
C

behaviour, showing very similar results between models “a”, “b”, and . In particular,
the joint closure is slightly smaller in the initial joint (with mean values of about 5-6 cm
and a noticeable dependence on the modelling hypotheses) compared to the other joints
(with mean maximum values of about 7.1 cm at the mid-span joint and 6.5 cm at the final
joint). These results are coherent with the larger displacements recorded in the second half
of the bridge (straight part) compared to the first half (curved part), as also previously
highlighted. In all the deck joints, the average maximum displacements are larger than the
designed gap between the elements but still smaller than the actual gap. Consequently,
the possible pounding between the structural elements does not represent an issue for the
presented case study bridge.

The shear keys show similar axial displacements between models “a”, “b” and “c”.
The mean maximum values range between —5.3 cm and —6.2 cm in the negative direction
(i.e., joint closure) and between 5.4 cm and 6.5 cm in the positive direction (i.e., joint
opening). In the central shear key (SK 2), negative displacements are slightly smaller than
in the lateral shear keys (5K 1 and SK 3). The positive displacements are indeed slightly
larger due to the section rotation induced by gravity loads. Accordingly, the local pounding
is more likely to happen in the lateral shear keys, while a loss of support for the devices is
more likely to happen in the central element. The mean displacements are comparable to
the nominal displacement capacity of the shear keys, so local pounding or loss of support
of the devices could represent an issue for the investigated case study system, although
more refined analyses are needed to properly asses the actual displacement capacity of
these elements.

5. Conclusions

The preliminary seismic analysis of an in-service curved PC box girder bridge with
a mid-span hinge was performed, focusing on the load bearings, the shear keys and the
deck joints. The primary goal was to investigate the influence of the load bearings on the
structural response of the structure, in particular in terms of capacity of devices, of possible
pounding between the bridge elements, or even of loss of support of the metal devices.

An FE numerical model of the bridge was developed, with frame elements for piers
and the box girder, non-linear fibre-based hinges at the base of each pier, non-linear link
elements for load bearings, gap link elements at deck joints and link elements with both
elastic—plastic and gap behaviour to represent steel shear keys at the mid-span joint. Both
non-linear time history analyses and simplified static analyses for the spatial variability
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in the seismic actions were performed for the LS limit state seismic intensity, analysing
different models with three hypotheses about the non-linear behaviour of the load bearings.
Accordingly, the corresponding maximum displacements were calculated for load bearings,
shear keys and deck joints of each model. Then, seismic demands were compared to the
nominal capacity of these elements, as derived by the original design drawings of the
bridge, and the influence of different load bearings behaviours on the structural response
was discussed.

The main results obtained of the present preliminary analyses can be summarised
as follows:

1. Many load bearings and shear keys showed restrained displacements beyond the
elastic range, especially for the unidirectional bearings. Exceeding the elastic threshold
was found highly dependent on the hypothesised behaviour of the load bearings.

2. The predicted free displacements in all the bearings exceeded their nominal displace-
ment capacity, with little influence of the assumed behaviour. The demand/capacity
ratios were quantified up to 1.3 for the longitudinal direction and 3.6 in the transverse
direction. This means that the vertical load-bearing capacity would be not guaranteed
(even though the estimated displacements were found to be too small to induce a
possible loss of support for the deck).

3.  The joint gaps were observed to be large enough to avoid pounding between the
abutments and the deck girder, while axial displacements in the shear keys were
comparable to their nominal capacity, suggesting that local pounding or loss of
support for the devices could be an issue, although more refined analyses are needed.

Load bearings and shear keys exceeding the elastic limit could imply local damage of
the devices, thus leading to the interruption of the functionality of the bridge for repairs,
although no implications for safety aspects were highlighted, since loss of support of
the deck was not reached. Thus, from preliminary analyses, devices retrofit could be
useful but not necessary, and more risk-based analyses are suggested to properly evaluate
retrofit prioritisation. Since load bearings and shear keys largely exceeded the elastic
threshold, however, further investigations on the bridge should focus on the quantification
of the ultimate displacement capacity of the devices in order to properly assess the seismic
performance of the bridge.
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