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Abstract Assessment of failure probabilities is one of the
key points to define the seismic resilience (SR) of systems.
Evaluation of the most proper countermeasure—such as
retrofitting, recovery, or reconstruction—to return to the
original functionality is a crucial issue, which has to deal
with economic limitations. In this regard, bridges are fun-
damental for the network serviceability and communities’
functionality during earthquakes, and in case of emergen-
cies, their accessibility must be guaranteed. In this back-
ground, the paper aims at evaluating SR of a benchmark
bridge improving its performance by means of isolation
technique. It is based on the application of a performance-
based earthquake engineering methodology, by the Pacific
Earthquake Engineering Research center. Isolation tech-
nique contribution is assessed in terms of costs and time
quantities with peak ground velocity levels. These out-
comes have been applied to estimate the SR of the bridge
and thus proposing an attempt of application to a real case
study. Recovery costs and time have been implemented
inside the traditional definition of resilience and its calcu-
lation has been used to assess different scenarios. The
paper can be considered as a reference to evaluate recovery
procedures by assessing economic performances. Such
approach is fundamental for decision makers, stakeholders,
professional engineers, and consultants as well.
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Background

Seismic resilience (SR) can be defined as the ability of a
system to reduce the chances, to absorb, and to recover
after of a natural event, such as an earthquake shake [4].
There are many components or dimensions that have to be
considered: first, technical and economic, related to the
functionality of physical systems, such as lifeline systems
and essential facilities; second, organizational and social,
more related to the community affected by the physical
systems [4]. Several studies have been carried out subse-
quently, with the goal to define the concept of resilience,
especially in case of extreme events when the drop of
functionality, or loss, is sudden [6-8].

More specifically, a resilient system should be analyzed
to capture some key factors, such as assessment of failure
probabilities, evaluation on consequences from failures (in
terms of lives lost, damage, and economic and social
consequences), and recovery costs and time to recovery
(restoration to the “original” level of functionality). Many
studies have recently been focused on resiliency of com-
munities affected by natural disasters, such as Miles and
Chang [30], and Chang and Shinozuka [9]. When the
concept is applied to infrastructure arena, economic
impacts should be defined in terms of many parameters. In
particular, the losses should include both direct and indirect
costs [3, 14].

The paper aims at to assess SR by considering first the
probabilities of failures induced by the effects of soil—
structure interaction (SSI) on several isolated bridge con-
figurations. Second, the presented study wants to consider
the damage in terms of economic consequences and,
finally, to calculate recovery costs and time to reset the
“original” level of functionality.
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Since the Northridge earthquake, research studies have
proved the significant role that soil-structure interaction
(SSI) can play during seismic excitations especially on
isolated bridges, as reported in Forcellini [15]. In particu-
lar, past earthquakes all over the world have proved the
benefits of isolation technique for pier protection. These
effects can be strongly modified by soil deformability and
energy dissipation in the ground, as shown in Vlassis and
Spyrakos [33], Tongaonkar and Jangid [31], Ucak and
Tsopelas [32], and Forcellini [15].

The paper aims at evaluating the relationships among
various characteristics of a benchmark bridge, including
ground motion, superstructure, foundation, and isolation
devices. The target is to assess the performance of various
isolated configurations adopting a performance-based
earthquake engineering (PBEE) methodology developed by
the Pacific Earthquake Engineering Research (PEER)
Center (http://peer.berkeley.edu). SSI effects are assessed
by comparing different configurations where isolation
technique is applied. Responses are assessed in terms of
repair costs and time.

In this regard, past earthquakes all over the world have
proved the benefits of isolation technique for pier protec-
tion. These effects can be strongly modified by soil
deformability and energy dissipation in the ground, as
shown in Vlassis and Spyrakos [33], Tongaonkar and
Jangid [31], Ucak and Tsopelas [32], and Forcellini [14]. In

Fig. 1 Benchmark bridge

the paper, SR has been assessed by considering the effects
of a set of motions by considering the soil-structure
interaction (SSI) on several isolated bridge configurations.
In particular, the seismic response of the case study has
been represented through a numerical model (Fig. 2) per-
formed with OpenSees [29], able to couple the structure
together with the foundation soil. The results have been
performed with the PBEE methodology to consider the
damage in terms of economic consequences and to calcu-
late recovery costs and time to reset the original level of
functionality. The novelty of the paper consists in applying
these outcomes to estimate the SR of the bridge and thus
proposing an attempt of application to a real case study. In
particular, recovery costs and time have been implemented
inside the definition of resilience by Cimellaro et al. [7].
The analytical expression of system functionality has been
modelled as a linear function. Other assumptions have been
made to define the loss function and the recovery function.

Case study

This paper performs a case study of an original benchmark
bridge studied at the University of California [26, 28]. The
benchmark bridge under investigation is intended to be
representative of the prevalent ordinary construction types
for California highways designed according to the

Isolation
system (Kea)

Table 1 Data models

KL4 (kN/m) KLc (kN/m) Isolation Analytical model

1-01 1460 Fixed Abutment isolation Linear

1-02 1460 2920 Full isolation Linear

1-03 NL NL Full isolation Two-spring model
Table 2 Soil models Hard Stiff clay Medium clay Soft clay

Mass density (t/m3) 2.1 2.0 1.5 1.3

Reference shear modulus (kPa) 2.10 x 10° 3.70 x 10° 6.00 x 10* 1.30 x 10*

Reference bulk modulus (kPa) 1.05 x 107 1.85 x 10° 3.00 x 10° 6.80 x 10*

Cohesion (kPa) 180 75 37 18

Shear wave velocity (m/s) 1000 430 200 100

Characteristic site period (s) 0.08 0.186 0.40 0.80
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CALTRANS, [5] seismic design criteria and can be clas-
sified as ordinary standard bridge (OSBs). The properties
were derived from the Type 1 class of bridge design [18].
The bridge is a 90 m-long, 2-span structure, supported by
one circular column (1.22 m diameter), 6.70 m above
grade. The deck is 11.90 m wide and 1.80 m deep and the
weight is 130.30 kN/m. Each abutment is 25 m long with
30,000 kN as total weight (see Fig. 1).

The original configuration has been equipped with iso-
lation devices, as shown in Table 1. First of all, the study
considers the original model (I-01) with isolated abut-
ments, roughly representative of a rubber bearing isolator,
currently used in design. To increase bridge flexibility, the
original connection between the top of the column and the
deck has been removed and performed with two different
types of isolators. In 1-02 model, isolation is reproduced
with a linear elastic behaviour representative of several
bearing isolators. In I-03 model, isolators on the top of the
column and on each abutment have been performed with a
two-spring model [12, 16, 17] as to perform friction pen-
dulum non-linear behaviour. SSI effects have been asses-
sed by increasing soil deformability from a hard soil

L 4 2 4 L 4 I I I—I I I—.—z i I_._

50 100 150
PGV (cm/s)

50 PGV (cm/s) 100 150

(simulating fixed conditions and consequently neglecting
SSI effects) to three cohesive soils representative of stiff,
medium, and soft clays, as presented in Table 2.

To reproduce typical California seismicity, the study
performs 100 input motions, selected from the PEER NGA
database (http://peer.berkeley.edu/nga/, [1]) and consisting
of 3D input ground motions triplets. Each motion is com-
posed of three perpendicular acceleration time history
components (2 lateral and 1 vertical). Motions were divi-
ded into 5 bins of 20 motions each with characteristics:
moment magnitude (M,,) 6.5-7.2 and closest distance
(R) 15-30 km, M,, 6.5-7.2 and R 30-60 km, M,, 5.8-6.5
and R 15-30 km, M, 5.8-6.5 and R 30-60 km, and M,,
5.8-7.2 and R 0-15 km. In this paper, peak ground velocity
(PGV) has been considered as the most representative
intensity measures (IM) and all the results have been
referred to it. In particular, PGV have been calculated for
each shaking direction and also for the square root-sum-of-
squares (SRSS) in the two horizontal directions. Figures 2
and 3 show histograms and PGV cumulative distribution
functions (CDF), respectively, and considering SRSS

Table 3 Natural periods (first

and second) of the considered Model Hard Stiff Medium Soft

configurations (I-01, 1-02, and Tl (s) T2 (s) T1 (s) T2 (s) TI1 (s) T2 (s) T1 (s) T2 (s)

1-03) in correspondence with

different soil conditions (hard, 1-01 0.811 0.506 0.809 0.505 0.893 0.510 1.020 0.800

stiff, medium, and soft) 1-02 0.843 0.690 0.855 0.694 0.880 0.719 1.000 0.800
1-03 0.813 0.527 0.866 0.527 0.926 0.529 1.130 0.805
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Fig. 4 Soil-structure FE model: 3D and vertical view

combination. In particular, Fig. 3 shows that the records
utilized have PGV values between 0 and 160 cm/s. The
period of 1 s was selected to be consistent with traditional
hazard analysis as well as be close to the fundamental
period of the bridge structure (Table 3). The NGA database
has been chosen, because the frequencies of the input
motions are close to the fundamental frequencies of the
system, to affect significantly its seismic performance.
Finally, ground motions were applied directly at the base of
the soil mesh (without any deconvolution) (for more
details, see [23, 27, 28]). The study is based on the appli-
cation of a performance-based earthquake engineering
(PBEE) methodology, proposed by the Pacific Earthquake
Engineering Research (PEER) center. This approach is
based on the definition of performance groups (PG), and
consists of the association of various structural and non-
structural components, using the most common repair
methods. Each PG contains a collection of components that
reflect global-level indicators of structural performance and
that significantly contribute to repair-level decisions. The
notion of a PG allows grouping several components for
related repair work. Therefore, PGs are not necessarily the
same as the individual load-resisting structural compo-
nents. PGs damage is related to specific repair procedures
and repair quantities that could be used for the estimation
of cost and repair effort to return the bridge to its original
level of functionality. Consequently, the platform defines
discrete damage states and each of these has a subset of
different repair quantities, associated to a given scenario.
Once the repair quantities have been established for a given

@ Springer

scenario (damage to different PGs), the total repair costs
can be generated through a unit cost function [25, 26].
Finally, for each repair quantity, an estimate of the repair
effort can be obtained through a production rate.

FEM model

The finite-element model (Fig. 4) has been built with
OpenSees (open system for earthquake engineering simu-
lation) that allows high level of advanced capabilities for
modelling and analysing non-linear responses of systems
using a wide range of material models, elements, and
solution algorithms (for more details, see [29]). The 3D
mesh (Fig. 4) aims at performing tridimensional soil—
structure interaction analyses, by applying OpenSees
potentialities.

Soil is modelled with a 200 x 200 m, 20 m mesh built
up with 7530 modes and 6550 non-linear solid brick ele-
ments called “Bbar brick”, [29]. Mesh dimensions have
been determined following the suggestions indicated in
Attewell and Farmer [2] and Jesmani et al. [21]. Dis-
cretization is built up with relatively small elements around
the bridge and gradually larger toward the outer mesh
boundaries (as shown in Fig. 4) (for more details, see [11],
[13],[15] and [20]). To assess local soil effects, soil has
been modelled with three clay materials called pressure
independent multiyield [10, 29, 34] built up with repre-
sentative parameters shown in Table 2. Characteristic site
periods have been calculated by assuming a uniform and
damped soil [19]. Soil has been modelled with three clay
materials called pressure independent multiyield [29] built
up with representative parameters shown in Table 2 (more
details in [13] and [15]).

The reinforced concrete column is modelled with non-
linear forced-based beam-column elements and fiber cross
section, with 0.2 rad/m as the maximum curvature. The
column has been settled on a single Type I caltrans pile
shaft (20 m length) assumed to have cross section and
reinforcement continuous with the column above and
below grade. The deck is assumed to be capacity designed,
so that it is able to respond in the elastic range and mod-
elled using two-noded beam-column elements (with cross
area of 5.72 mz, transversal inertia 2.81 m4, and vertical
inertia 53.9 m*) (more details in Forcellini [15]). The
interface between the column and the soil has been mod-
elled with rigid beam-column links, normal to the pile
longitudinal axis. The soil domain 3D brick elements are
connected to the column at the outer nodes of these rigid
links using the equalDOF constraint in OpenSees for
translations only that connects two separate points (one
belonging to the structure and the second to the soil) and
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imposes equality of displacements (for more details, see
[29]). The approach ramp model connects the bridge lon-
gitudinal boundaries to the ground using a trapezoidal
arrangement of rigid link elements that extends 0.5 m into
the soil domain below the abutments (Fig. 4). The rigid
link assembly captures the embankment and approach
geometry, and permits interaction with the bridge at its
ends, including the potential embankment settlement into
the surrounding soil. The abutment model provides the
interface between the approach ramps and the bridge ends
to simulate the concrete type abutment configuration,
studied in this paper. Connections between the abutments
and the deck are performed with a model developed by
Mackie and Stojadinovic [24] which includes sophisticated
longitudinal, transverse, and vertical pads able to simulate
non-linear abutment response (more details in [15]).

Finally, the bearings have been modelled in longitudinal
direction only and considered very stiff in the other
directions (vertical and transversal). Two types of isolation
devices (elastomeric bearings and frictional/sliding bear-
ings) are performed here, in order to represent the ones
applied in many countries all over the world, as shown in
[20]. Table 1 shows the studied several configurations,
depending on where the devices have been placed (over the
column as well as at the abutments). Isolator modelling and
the applied parameters are detailed in Forcellini [15].

Resilience calculation

Resilience represents the functionality of an infrastructure
system after a disaster and can be represented by time
which it takes for a system to return to pre-disaster levels of
performance. In particular, the previous studies have
defined and calculated resilience of various lifeline systems
such as [6] and [7]. Resilience is a dimensionless quantity
that is able to represent the rapidity to the pre-damaged
functionality level. As shown in Cimellao et al. [8], seismic
resilience can be calculated as follows:

tog+TLc RT
20 dt = o) dt (1)

SR =
Tic RT
0

100 120 140 160

PGV (cm/s)

where fqg is here consider zero and 77 ¢ is consider equal to
the total repair time (RT), calculated by the PBEE
methodology.

Following Cimellaro et al. [7] represents system func-
tionality and fundamentally is built up with a loss function
and a recovery function of the system performance during
the system interruption. In this study the recovery function
has been considered linear from (, representing the
reduced functionality due to the event and QF is the final
functionality that has been considered equal to 100% of the
original value. The main assumption of this study is that
the Qy value has been considered proportional to the total

repair costs calculated by the PBEE
methodology.Therefore
1 -0 1 —a x RCR
) = t =t RCR. 2
0(r) = 1+ Oy =t x @)

As deduced by PBEE methodology, RT and RCR are
functions of an intensity measure. In this paper, PGV has
been selected, and thus

RT
_ (o0, RT
0
:@X (14 a x RCR(PGV)). (3)
Results

In this paragraph, the response of hard soil (Figs. 5, 6) and
deformable soils (Figs. 8, 9) has been shown. The fig-
ures consider PGV as the intensity measure to reproduce
the system performance. These results have been applied to
the resilience notions implemented in the previous para-
graph. Figures 7 and 10 show the resilience for the dif-
ferent configurations.

Hard soil results
Figures 5 and 6 show the results in terms of total RCR and

RT, and they are mainly affected by the damage at the
abutments, as shown in Forcellini [15]. I-03 model shows a

@ Springer
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significant reduction of RCR and RT between 75 and
120 c/s PGV values, if compared with 1-02 and I-01
(linear assumptions).

Figure 7 shows that all there configurations have the
same trend until PGV equal to 59.6 cm/s, after which the
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three curves increase (with different rates) reaching the
same maximum value (SR = 42.8), at different PGV (I-01
72.7 cm/s, 1-02 80.9 cm/s, I-03 120 cm/s). The differences
between I-01 and I-02 are concentrated in the range: 60 and



Innov. Infrastruct. Solut. (2017)2:2

Page 70f 9 2

72.7 cm/s. I-02 and I-03 differ between 72.7 and 120 cm/s.
Isolation effectiveness increases with high values of PGV.
In particular, the I-03 model increases slowly than I-01 and
1-02. For example, in correspondence with PGV equal to
73.5 cm/s, 1-02 and I-03 results are around 31.1 and 25.5,
respectively, less than the values obtained for the I-01
configuration (42.8).

SSI results

Figures 8, 9 and 10 show the influence of soil deforma-
bility considering repair cost ratio (RCR), repair time (RT),
and SR for the three isolated configurations.

Figures 8 and 9 show that, for I-03 on soft and medium
soils, RCR and RT increase starts at higher values if
compared with I-01 and I-02 configurations. In particular,
in case of soft soil, the values at which damage starts
increasing are, respectively, 20 cm/s for I-01 and I-02
models, while 50 cm/s for I-03 model. For stiff and hard
soils, effects of non-linearity are particularly evident
between 70 and 120 cm/s where RCR and RT values are
lower than those in correspondence with [-01 and I-02
models. These results confirm the benefit of adopting
sliding systems instead of the traditional isolators. Fig-
ures 8 and 9 show that soil affects the response in the range
of PGV: 20-70 cm/s for I-01 and I-02 and 50-120 cm/s for

Fig. 9 Total repair time (CWD) 70

I-03. In particular, soil deformability is detrimental to I-01
and I-02 models, since RCR and RT increase is smoother
for hard soil. For I-03 model, there is a level of PGV after
which RCR and RT reach the same maximum value
(RCR = 35% and RT = 65 CWD). This level for soft and
medium soils is around 95 cm/s, while for stiff and hard
ones, it is around 120 cm/s. These values can be considered
the points where soil deformability starts to become com-
parable with the shear strain imposed during seismic
excitation and thus the influence of column damage starts
to affect RCR and RT. In this regard, the damage can be
reduced only increasing soil stiffness (for example with
deep foundations or soil improvement). RCR equal to 35%
and RT equal to 68 CWD are reached for all the configu-
rations (at different levels of PGV), no manner which soil
has been considered.

Figure 10 shows that every configuration reaches the
same max value (equal to 37.5). I-01 and I-02 trends are
similar for all the considered soils. Soil deformability is
detrimental, since the PGV value at which SR starts
increasing becomes smaller when soil deformability
increases. For I-03 soft and medium soils, trends are close
each other. The same happens for stiff and hard ones.
Between the range of PGV 53.1 and 81.7 cm/s, SR for stiff
and hard soil is bigger than soft and medium ones (soil
deformability is conservative). On the contrary, between
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Fig. 10 Seismic resilience 40

[-01

SR (CWD)
N
o

0 20 40

——SOFT
——MEDIUM
—=—STIFF
o-HARD

60 80 100 120 140 160

PGV (cmis)

[-02

0 20 40

—+—SOFT
——MEDIUM
—=—STIFF
——HARD

60 100 120 140 160

80
PGV (cm/s)

1-03

0 20 40

PGV 94.9 and 121 cm/s, soil deformability is shown to be
detrimental. In particular, For I-03 model, the level of PGV
after which SR reaches the same maximum value (37.5) for
soft and medium soils is around 95 cm/s, while for stiff and
hard ones, it is around 120 cm/s.

Conclusions

The study conducted in this paper may be viewed as an
original contribution to the assessment of SR of a bench-
mark bridge taking into consideration economic perfor-
mance in terms of repair costs and time. In particular, SSI
effects have been assessed by comparing different config-
urations where isolation technique is applied. The mutual
effect of soil and isolations properties has been studied to
assess the best isolated configuration able to fit the different
non-linear conditions of the soil, by applying a PBEE
approach. The resilience of the structure has been calcu-
lated by applying the classical formulation with some
assumptions regarding the recovery functions. This for-
mulation is able to include the performance quantities
deduced by PBEE methodology (RT and RCR) that are
functions of a selected intensity measure (PGV in the
paper). The formulation is general and the paper can be
considered a first application of such formulation to the

@ Springer
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specific case of the presented benchmark bridge. Further
analysis will aim to reproduce more cases of bridges and to
develop the formulation with more sophisticated parame-
ters and assumptions.
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