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Abstract: The role of abutments on the seismic vulnerability of bridges has been relatively little
studied in geotechnical literature. To cover this gap, 3D numerical simulations were herein performed,
by studying the seismic performance of three single-span bridge configurations. The numerical
models used OpenSees to account the effects due to soil structure interaction between the deck
and the abutments. In particular, advanced materials were implemented to model the non-linear
hysteresis and plasticity that are responsible for soil deformations and, thus, structural damage.
A probabilistic-based approach was considered and analytical fragility curves were developed to
account modeling uncertainties. The role of bridge deformability was investigated by considering
several limit states based on the calculation of the longitudinal displacements of the deck.

Keywords: seismic vulnerability; abutments; analytical fragility curves; numerical simulations;
OpenSees

1. Background

Fragility curves may be considered a credited approach for assessing the seismic
vulnerability of bridges, and consist of representing the relationship between the seismic
hazard and the level of structural damage related to selected earthquake scenarios. In order
to develop fragility curves, the selection of the intensity measure (IM) is a fundamental
issue, as demonstrated by [1,2] that investigated different scalar IMs or couples of IMs to
derive fragility curves as a function of alternative variables. Other researchers (i.e., [3,4])
studied the accuracy of several IMs, such as Fajfar index (Iv), peak ground velocity (PGV),
root mean square velocity (RMS), and spectral acceleration (Sa), in terms of efficiency,
proficiency and sufficiency. In addition, many contributions have proposed non-linear
dynamic analyses for RC bridge seismic assessment (i.e., [5-8]) to derive structural demand
evaluations at increasing IM levels. In this regard, the choice of IMs is fundamental in
developing fragility curves, and many attempts have been proposed to investigate the most
representative IM. However, (1) there are many uncertainties that depend on the structure
or even on the demand parameters [9], and (2) many researchers have demonstrated that no
IM can fully represent the effects of an earthquake on the seismic demand of structures (Li
et al., 2014; [10]) because of the complexity of earthquake ground motions. In a structural
arena, [11] proposed to apply the geometric mean of spectral acceleration in probabilistic
seismic demand analysis (PSDA), finding that such IM may be applied as a predictor of
structural response. In addition, [12] proposed to investigate the use of spectral acceleration
averaged over a period range as an intensity measure (IM) for assessing the risk of collapse
for nearly 700 moment-resisting frame and shear wall structures of various heights and
different ground motion sets.

Hybrid solutions were also proposed, such as an average spectral acceleration based
on the Sa values [13], multiple IMs [1], a vector-valued intensity measure VIM [14,15], and
a fractional order IM by [3]. However, the most commonly used IMs in the bridge arena are
peak ground acceleration (PGA, i.e., [3]) and Spectral Acceleration (SA) at the fundamental
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period [16-19]. In addition, even if fragility curves were also proposed in literature for
bridge classes, most of these contributions have investigated multi-span bridges, rather
than concentrating on single infrastructure network components.

The principal motivation of this paper is to fill this gap by focusing on single-span
bridges by exploring the role of abutments on the seismic vulnerability of the entire
structural performance. In addition, this paper aims to investigate abutment-embankment
stiffness, which is one of the most important issues in the assessment of bridge abutments.
In this regard, Caltrans is probably the most credited quantitative guidance currently
available worldwide, being based on several full-scale tests at the University of California:
at UC Davis [20], San Diego [21] and Los Angeles (UCLA, [22]). In this context, this paper is
organized in the following steps: (1) the assessment of different IMs to represent the seismic
hazard, (2) the development of fragility functions for single spam bridges, and, (3) a case
study to assess the accuracy of different IMs when predicting damage at the abutments.

2. Case Study

This section shows the design of the selected bridge configurations that were selected
in order to focus on the role of abutments on the seismic vulnerability of the structure.
In this regard, the configurations consist of single-span bridge with several geometric
characteristics.

2.1. Bridge Model

This paper aims to consider three configurations of single-span bridge configurations
that represent typical Californian bridges. Three-dimensional finite element analysis was
employed to consider the effects of the rotations along the vertical and transversal axes,
which is not possible to simulate in two-dimensional finite element analysis. Thus, state-of-
the-art open access software OpenSees [23] was employed. The developed finite element
model is shown in Figure 1 (3D and schematic plan view) and was built following previous
numerical models [24-26]. Since the designed longitudinal elastomeric bearing pads on the
abutments perform correctly, the deck may be assumed to be capacity designed so that it is
able to respond in the elastic range. The decks were modelled using beam elements with
linear elastic properties. The cross section (A), the moments of inertial in the transversal
and longitudinal directions (ITR, ILG), are shown in Table 1. A linear elastic model was
employed to model the concrete deck: the modulus of elasticity of the concrete, Poisson’s
ratio and the unit weight were considered equal to 2.8x10* MPa, 0.20, and 24 kN/m?,
respectively. The deck slabs were connected with the abutments with elastomeric bearing
pads, whose characteristics are shown in Table 2.

— ] [

(@)
| Deck
Gap l Gap
Abutment | |L |
Bearing Pads |
L
(b)

Figure 1. (a) 3D finite element models; (b) plan view of the bridge.
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Table 1. Geometric and material properties of decks.

L (ft) L (m) A (m?) Itr (m?) I (m?%)
Bl 40 12.19 3.36 1.65 31.71
B2 60 18.29 3.46 1.70 32.56
B3 80 24.38 3.61 1.77 33.97

Table 2. Geometric and material properties of bearing pads.

Bearing Pads: Properties Values
Number 3
Height (m) 0.05
Shear modulus G (kPa) 1034
Young modulus E (kPa) 34,474
Yield displacement (%) 150
Ultimate displacement (%) 300

2.2. Abutment Model

This section shows the design of the selected bridge configurations selected in order to
focus on the role of abutments on the seismic vulnerability of the structure. In this regard,
the configurations consist of a single-span bridge with several geometric characteristics.
Abutments are built to provide an economical means of resisting bridge inertial seismic
loads. As demonstrated by [27], the traditional theories based on active and passive earth
pressures cannot be used during seismic events since the massive bridge structure induces
higher than anticipated passive earth pressure conditions. This is mainly true for Ordinary
Standard bridge structures in California with short spans and relatively high superstructure
stiffness, where the embankment mobilization and inelastic behaviour of the soil material
under high shear deformation levels dominate the response of the whole bridge [28,29]. In
particular, the abutment participating mass has a critical effect on the mode shapes and
consequently the dynamic response of the bridge, as shown in [29]. In addition, the role of
soil structure interaction is fundamental to account for the non-linear behaviours that may
occur. In this regard, short-span bridges are the most affected by the resistance-induced
mechanisms and mass of the abutment.

In order to realistically model those bridges, [29] suggested using the spring model,
since the simplified abutment model may considerably underestimate the transversal dis-
placements and, thus, underestimate the risk of shear key failures. In the present paper,
the spring model was applied in order to include realistic three-dimensional nonlinear re-
sponses and the participating mass of the corresponding concrete abutment and mobilized
embankment soil. The interaction between the soil and the abutments was reproduced
with the two springs (embankment non-linear springs, Figure 2) that were modelled in
OpenSees with the uniaxial material EPP [23], as described below.

The longitudinal response is controlled by elastomeric bearing pads, gap, abutment
back wall, abutment piles, and soil backfill material. In particular, prior to impact (or gap
closure), the elastomeric bearing pads transmit the seismic forces to the stem wall, piles and
backfill soil. After gap closure, the bridge deck transfers the seismic forces to the abutment
back walls that mobilize the full passive backfill pressure. In Figure 2, the longitudinal
response of the longitudinal elastomeric bearing pads and the gap closure behaviour are
illustrated by L1.

The bearing pads were modelled with nonlinear springs (total 3), that represented
the stiffness of the bearings in the longitudinal, transversal and vertical directions. Their
number and distribution were based on the number and location of the girders in the box,
as specified in Table 2. The yield and ultimate displacement of the bearings were set as
150% and 300% of the shear strain, respectively. In order to guarantee that shear failure
occurred prior to the sliding of the bearing pad, a dynamic coefficient of friction of 0.40 for
neoprene on concrete was used. The two zero-length elements at the extreme locations of
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rigid element 2 model the longitudinal backfill backwall and the pile system response of
the abutment The abutment stiffness (K,p,¢) and ultimate strength (F,p,:) were obtained
from Caltrans [30,31], as specified below.

RIGID ELEMENT 1

ELASTIC SUPERSTRUCTURE

/

RIGID ELEMENT 2

RIGID JOIN

~._ PARTICIPATING MASS

ELASTOM. BEARING PADS /

NL EMBANKMENT SPRINGS/"

Figure 2. Abutment model: general scheme.

The transverse response was determined by the stiffness of the elastomeric bearing
pads and the shear keys; their strength assumed as 30% of the superstructure dead load. In
this regard, a hysteretic material was considered by defining a tri-linear response backbone
curve with two hardening and one softening stiffness values (more details in [29]). The
transversal behaviour was modelled with distributed zero-length elements along two rigid
elements to represent the combined behaviour due to the superstructure rotation about
the vertical bridge axis (Figure 2). It is worth noting that the bearing pads created a series
system between the two transverse rigid elements (rigid element 1 and 2). Rigid element
1 was connected to the deck end by a rigid joint. Figure 2 shows the parallel system
of transverse bearing pads and shear keys with T1. In order to compute the transverse
stiffness and strength of the backfill, the wing wall and the pile system were defined by
considering a series of elements: (1) a rigid one with shear and moment releases, (2) a gap
with boundary conditions at each end (that allows only transversal translation), and (3) a
zero-length with an elastic-perfectly-plastic (EPP) backbone curve with abutment stiffness
(Kapyt) and ultimate strength (Fp,), obtained from [31]. The stiffness and strength were
distributed equally to the two extreme zero-length elements (T2) of rigid element 2.

The vertical response of the abutment was modelled with: (1) the vertical stiffness of
the bearing pads (V1), and (2) the vertical stiffness of the trapezoidal embankment (V2). In
order to obtain a lumped value, the critical length was introduced inside the formulation
proposed by [31,32] to calculate the stiffness per unit length of embankment. The nominal
mass of the abutment was assumed proportional to the superstructure dead load (including
the structural concrete and the soil mass). The participating mass of the embankment was
calculated by considering an average of the embankment lengths obtained from [31].

In order to consider representative cases where the seismic response of the bridge is
dominated by the abutments, the criterion (6.3.1.3-1) from [30] was considered, and the
abutment displacement coefficient, R4 was calculated as:

Ap

Ry = Eﬂ: (1)

where Ap is the longitudinal displacement demand at the abutment and for single-span
bridges, which needs to be determined by following point 4.2.1 from [30]:

(1) the tributary weight of the superstructure and the effective abutment longitudinal
stiffness were calculated to determine the structure period, T, using Equation C4.2.1-1
from [30]:
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T=2my| gZVK (2)

where g is the acceleration due to gravity;

(2) The spectral acceleration (Sa), by introducing the period inside the design spectrum
that was chosen as the maximum between the selected ones (SCS: PGA: 0612g; PGV:
116.85 cm/s and PGD: 54.19 c¢m, see Figure 3); and

Pseudo Spectral Acceleration (g)
o o o - = =
e [«2] [o2) - N e [«2]

o
)

o

Figure 3. SCS spectrum used as design spectrum for calculation of Sa.

(3) The longitudinal displacement demand (Ap), which was determined from Equation
4.2.1-1 from [30]:

W x Sa
- ®)

Table 3 shows the calculation of the longitudinal displacement demand at the abutment
(Ap), by assuming the design spectra for the three considered single-span bridges.

Ap =

Table 3. Calculation of longitudinal displacement demand (Ap).

W (kN) T (s) K (kN/m) Sa Ap (m)
Bl 935 0.185 11,500 1.01 0.0086
B2 1440 0.245 96,450 0.97 0.0144
B3 2000 0.360 62,300 0.93 0.0230

Aeff is the effective abutment longitudinal displacement when the passive force
reaches Fp,,; (in).
Faput (in) was defined by [30] (6.3.1 2-4) and (6.3.1 2-5), respectively, as:

5.5h%>
Faput = Waput <1_'_23§h’::,> Rgi 4)
- abut

kubut = wubut(S-Shabut + 20)Rsk (5)

where:
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h .+ needs to be taken as hy,,, for seat abutments,
W, NEEds to be taken as w;,  for seat abutments, and
Ry is taken as 1 for non-skew bridges.

In addition, following [30] (C6.3.1.1), bilinear representation of the full nonlinear abut-
ment backbone curve was considered. Therefore, for seat-type abutments, A corresponds
to the sum of the width of the expansion gap at the seat abutment (Ag4y) and abutment
displacement at idealized yield (Agpyt), formula 6.3.1.2-2, by [30]. Aypy: is calculated as the
ratio between the idealized ultimate passive capacity of the backfill behind the abutment
backwall (F,p,¢) and the abutment longitudinal stiffness (K;pyt)-

Table 4 shows the calculation of the effective abutment longitudinal displacement
(Aef) and the abutment displacement coefficient (RA) for the three considered single-
span bridges. It can be observed that RA was less than 2 for all the three configurations,
demonstrating that the bridge response was dominated by the abutments.

Table 4. Calculation of the effective longitudinal displacement (A, ).

h (ft) w (ft) Fbw kabut Agpys (M) Agap (m) Agfy (m) RA
Bl 1.3 92 239 2498 0.096 0.0254 0.121 0.07
B2 14 95 281 2632 0.106 0.0254 0.132 0.109
B3 1.5 100 333 2825 0.118 0.0254 0.143 0.209

Overall, it is important to consider that the presented model was created according
to the current design procedure [30], under the assumption that the abutment backwall
is intended to break off and mobilize the longitudinal resistance of the approach fill. It
is considered that the passive earth resistance is activated behind the abutments, so as to
protect the foundation from excessive deformations. This approach generally overestimates
the stiffness of the entire system, due to the fact that: (1) it does not depend on the 3D
geometry of the abutment, and (2) it neglects the contribution of the abutment foundation
stiffness.

3. Methodology

This section describes the main features of the applied methodology based on per-
forming non-linear analyses and developing analytical fragility curves.

3.1. Seismic Scenario

The seismic scenario was described by 100 input motions, selected from the PEER NGA
database (http:/ /peer.berkeley.edu/nga/ (accessed on 24 May 2022)) that were applied at
the base of the models, along the x-axis (longitudinal direction). This ensemble was selected
by verifying that the frequencies of the input motions were close to the fundamental
periods of the bridges. The input motions were selected through earlier efforts [33,34], to be
representative of seismicity in typical regions of California, and have already been applied
in [17,35]. The principal aim was to consider a wide potential scenario with multiple levels
of intensities, and, thus, to obtain distributed outputs and develop representative fragility
curves. The motions were divided into 5 bins of 20 motions each:

(1) Moment magnitude (Mw) 6.5-7.2 and closest distance (R) 15-30 km;
(2) Mw 6.5-7.2 and R 30-60 km;

(3) Mw 5.8-6.5 and R 15-30 km;

(4) Mw 5.8-6.5 and R 30-60 km; and

(5) Mw 5.8-7.2 and R 0-15 km.

The cumulative density function (CDF) of the selected motions is shown in Figure 4,
where the peak ground acceleration (PGA) is the reference intensity measure.
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Figure 4. Cumulative distributions for PGA.

3.2. Fragility Curves

This probabilistic-based approach consists of expressing the relationship between the
likelihood of exceeding threshold limits of damage for certain levels of demand (as de-
scribed in [36]). The damage of the abutments was defined by considering the longitudinal
displacement between the deck and the abutments and referring to two limit states: 102 mm
and 305 mm as slight (SL1) and moderate (SL2) damage states, respectively. The results of
the analyses were calculated for the three models (B1, B2 and B3) for the 100 selected input
motions, by considering several intensity measures (Im). In particular, the present study
assumed that the uncertainties may be represented by lognormal distributions and, thus,
the logarithmic mean (i) and standard deviation (B) of the lognormal seismic intensity
measure were considered in the development of fragility curves. The responses of the
(100 x 3 =300) analyses were considered to build linear regressions, necessary to calculate
the values of the mean and the log-standard deviation. The probability of exceedance (PE)
was then calculated as:

PE[D > Ci|Im] = 4)(111(111;)—}1) ©6)

where:
PE is the probability of the structural damage (D) to exceed the i-th damage state (C),
¢ is the standard normal cumulative distribution function.

4. Results

This section describes the results in terms of various intensity measures (peak ground
acceleration (PGA) in Figure 5a, peak ground velocity (PGV) in Figure 5b, peak ground
displacement (PGD) in Figure 5c, spectral acceleration (SA) in Figure 5d, cumulative
absolute velocity (CAV) in Figure 5e, and arias intensity (Al) in Figure 5f), discussing
those most suitable to represent the damage at the abutment (longitudinal displacement)
and, thus, to develop analytical fragility curves. In particular, Table 5 shows the values
of the coefficient of determination R? that represents the proportion of variance in the
displacements that can be explained by the various intensities measures, or the quality of
the regression to fit the obtained results for the various models (B1, B2 and B3).
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Figure 5. (a) Displacements vs. PGA for B1l, B2 and B3. (b) Displacements vs. PGV for Bl1, B2 and
B3. (c) Displacements vs. PGD for B1, B2 and B3. (d) Displacements vs. SA for Bl, B2 and B3.
(e) Displacements vs. CAV for B1, B2 and B3. (f) Displacements vs. Al for B1, B2 and B3.
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Table 5. R? for the selected intensity measures (B1, B2 and B3).
R? PGA PGV PGD SA CAV Al
B1 0.5204 0.7022 0.7349 0.5261 0.5164 0.4783
B2 0.4903 0.7007 0.8646 0.5002 0.5050 0.4526
B3 0.4486 0.6927 0.8025 0.4887 0.5383 0.4321

5. Analytical Fragility Curves

Analytical fragility curves were developed from the above results by considering the
peak ground displacement as the intensity measure. Figures 6—8 represent the fragility
curves for B, B2 and B3 for the two selected LSs. It is worth noting that the three models
had similar differences among the limit states for all the intensities, meaning that the
damage increased with relatively similar trends for the three considered models. For
example, at PGD = 10 cm/s, the probability of exceedance (PE) for LS2 was 82.1%, 83.5%
and 87.9% more than LS1, for B1, B2 and B3, respectively. B2 and B3 were particularly
vulnerable, and LS1 reached values of PE close to 100% for relatively small values of PGD
(less than 10 cm/s). In the case of LS2, for high seismicity (more than 30 cm/s), PE reached
100%, demonstrating that the abutments were particularly vulnerable even at relatively
small intensities.

0.2 —LS1

0.1 —LS2

0.00 10.00 20.00 30.00 40.00 50.00 60.00
PGD (cm)

Figure 6. B1: relationship between PGD (cm) and the probability of exceedance (PE).

02 —LS1

0.1 —LSs2

0.00 10.00 20.00 30.00 40.00 50.00 60.00
SA(9)

Figure 7. B2: relationship between PGD (cm) and the probability of exceedance (PE).
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B3

0.2 —Ls1

0.1 —LSs2

0.00 10.00 20.00 30.00 40.00 50.00 60.00
PGD (cm)

Figure 8. B3: relationship between PGD (cm) and the probability of exceedance (PE).

Figures 9 and 10 compare the various configurations for the two considered limit states.
It is worth noting from Figure 9 that for PGD = 10 cm/s, PE for model was 93.45% and
99.30% more for model B1 and B2, than the corresponding PE of model B3. Figure 10 maps
the derived fragility curves for the most severe damage state (LS2) that was considered
in this study. In the case of LS2, the PE values (at PGD = 10 cm/s) for B1 and B2 models
were 87.30% and 94.30% more than the corresponding PE of model B3 (more details in
Table 6). It is worth noting that the length of the bridge drove its vulnerability, since the
more deformable the system became, the more PE increased, shifting the fragility curves
toward vulnerable configurations (top left corner). In particular, several outcomes can be

deduced:

LS1

B3
—B2
—B1

0.00 10.00 20.00 30.00 40.00 50.00 60.00
PGD (cm)

Figure 9. Comparison between the models (LS1).
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LS2

B3
—B2
—B1

0.00 10.00 20.00 30.00 40.00 50.00 60.00
PGD (cm)

Figure 10. Comparison between the models (LS2).

Table 6. Comparison of models B1, B2 and B3: PE for LS1 and LS2.

LS1 Ratio (%) LS2 Ratio (%)
Bl 0.935 93.45 0.767 87.30
B2 0.993 99.30 0.829 94.30
B3 0.999 100 0.879 100

(1) Strengthening the abutments had beneficial effects in reducing the vulnerability
of the system to all levels of damage. In particular, this may lead to important design
considerations in terms of increasing the stiffness of the abutment bearings by choosing
the most suitable system. In this regard, the presented methodology gives an easy-to-read
outcome for designers and different stockholders;

(2) This effectiveness was verified for all the considered levels of damage, with a
relatively uniform trend, since the performance of the entire bridge depends upon the
choice of the bearings. Therefore, it is fundamental to consider that the mechanisms of the
bearings may strongly affect the whole bridge behaviour, and bearing design needs to be
significantly taken into consideration;

(3) There is a level of PGD after which the shear strains imposed during the seismic
excitation reached values that were comparable with bridge deformability. The less de-
formable the abutments were, the better the entire system behaved. This was another
significant finding that needs to be considered in order to calibrate the most performant
dynamic characteristics of the bearings, that have been demonstrated to be the core of the
design.

Overall, these results demonstrate that the seismic response of the bridge is dominated
by the abutments, since the three models were selected by following Caltrans specifications
(criterion 6.3.1.3-1 from [30]). In addition, at relatively small intensities, the abutments
began to perform non-linear responses that were possible to be investigated by OpenSees.
The presented results are limited to the selected case studies and future studies are necessary
to propose design considerations and code provisions.

6. Conclusions

This paper developed fragility curves for three single-span bridge configurations with
the aim of studying the role of abutments in the seismic vulnerability of the structure. The
configurations were selected on the basis of Caltrans specifications (criterion 6.3.1.3-1) to
ensure that the responses were dominated by the abutments. The performance was studied
by considering the damage at the abutment in terms of longitudinal displacements. The
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paper investigated the most suitable intensity measure that may realistically represent the
damage at the abutments under the selected conditions. The non-linear numerical models
performed by OpenSees were fundamental to realistically assess the complexity of the
bridge—abutment mechanisms. The developed fragility curves showed that the seismic
behaviour of the system depends on the deformability of the bridge, mainly the length.
These outcomes may be considered in future proposals of code provisions that account the
role of abutments on the seismic vulnerability of single-span bridges.
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