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Abstract: The assessment of bridge functionality during earthquakes is fundamental in the evaluation
of emergency response and socio-economic recovery procedures. In this regard, resilience may be
considered a key parameter for decision-making procedures such as post-hazard event mitigations
and recovery investments on bridges. The paper proposes a case study of a bridge configuration
subjected to seismic hazard and aims to consider the effects of the soil–structure interaction on the
recovery to various levels of pre-earthquake functionality. The principal outcome of the paper consists
of calculating resilience as a readable finding that may have many applications for a wide range of
stakeholders, such as bridge owners, transportation authorities and public administrators who can
apply the outcomes in the assessment of the best recovery techniques and solutions.
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1. Introduction

Resilience from natural disasters has becoming a relevant issue for civil communities that rely
particularly on bridges, being significantly exposed to natural disasters, such as earthquakes and thus
quantitative estimations of seismic resilience are fundamental to define pre- and post-earthquake
decision-making procedures. In particular, seismic risk assessment methodologies become crucial
in planning adequate mitigation procedures and recovery activities to minimize the disruptions [1].
In this regard, resilience quantifies the recovery time and procedures in order to facilitate and enhance
pre-hazard and post-hazard event mitigation and emergency response strategies of transportation
systems and entire communities [2,3]. In particular, as shown in the JOINT RESEARCH PROJECT by
the European Commission [4] resilience calculation depends on two important models: a loss model
and a recovery model.

(1) A loss model is necessary to assess the reduction of functionality due to the impact of
earthquakes [5] and risk assessment of structures requires a probabilistic-based approach to consider
all the possible damage and failure scenarios of each component within a bridge, as shown in [6].
In [7], expected direct costs were calculated as the sum of the losses associated with all the vulnerable
components failure/damage states in all possible conditions while indirect losses were defined as those
associated with system failures by a scenario-based approach regarding the condition states of the
components. However, indirect losses have many consequences and uncertainties that need to be
assessed with interdisciplinary approaches [8,9].

(2) Recovery is a complex process that comprises a series of event, actions or changes to enhance
the capacity of an affected bridge, but also community, when faced with singular, multiple or unique
shocks and stresses, places emphasis on the human role. Therefore, recovery functions are essential
for evaluating resilience but influenced by many variables, time dimensions and spatial dimensions
with disparities among different geographic areas, in the same community or state and showing
different rates and quality of recovery. To the best of our knowledge, there are few applications to
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earthquakes [10,11]. In Europe in particular, the restoration procedures have been left to the discretion
of each nation and a standardized approach would start from the existing BRIME project that focused
on bridge deterioration, and the two of the standing European projects: INPREP for improving
effective inter-organizational response capacity in complex environments of disasters and PANOPTIS,
a decision support system for increasing the resilience of transportation infrastructure. In the US,
several implementations within computational platforms were developed (i.e., [12,13]).

A state of the art of such procedures was proposed by [14]. Many approaches focused on
maintenance, safety, and robustness [11,15,16] analyzed post-earthquake functionality, while [17–19]
proposed holistic risk management approaches. As underlined by [20], practical approaches that may
incorporate bridge resilience have becoming fundamental to assess recovery procedures. Among others,
a multi-objective evolutionary algorithm was proposed and applied by [21] with the aim to evaluate
resilience of the retrofitted bridge under the multi-hazard effect of earthquake and flood-induced
scour. The framework of [22] was applied for time-variant loss and resilience assessment of Californian
highway bridges under time-dependent multiple hazards.

Against this background, [23] compared the performance of several isolated bridge configurations
under soil–structure interaction (SSI) effects, by applying the performance-based earthquake
engineering (PBEE) methodology to calculate repair costs without quantifying resilience. The present
paper aims to contribute by performing the procedure proposed by [5] to study the effects of SSI on
the seismic resilience of a bridge configuration. The ultimate objective is to perform a case study on
a typical highway overpass by performing tridimensional numerical simulations of an integrated
bridge-foundation-ground model and a performance-based assessment framework. The role of soil
structure interaction (SSI) has been accounted for in order to perform a realistic risk assessment by
founding the bridge on three different grounds with varying stiffness and strength (ranging from a
rigid to a weak soil uniform layer). In particular, the SSI is fundamental to be considered at the design
stage to consider the detrimental effects that considering the soil may influence the seismic assessment
of the structural vulnerability.

Following the first attempt by [24], the paper has several elements of novelty: (1) it aims
to overcome the lack of bridge resilience assessments necessary for investments, decision-making
procedures and pre- and post-hazard risk mitigations; (2) the role of SSI is here investigated with a
new approach based on quantification of resilience; and (3) the presented outputs may be applied by
decision-makers to choose the best investments for post-hazard event mitigations, emergency responses
and recovery strategies with more realistic scenarios. In particular, resilience is a key parameter
that may include issues from several disciplines, such as structural, physical, social and economic
relationships. This multi-disciplinary dimension is another important novelty of the methodology
proposed herein. The paper is organized into 5 sections. Section 2 explains the numerical models.
Sections 3–5 the methodology that was proposed is described by considering the definition of resilience
and loss and recovery models. The results are shown in Section 6 where the discussion of the mail
applications is also proposed.

2. Numerical Model

The structural scheme of the bridge consists of an ordinary standard bridge (OSB) representing
California highway bridges and designed according to the Caltrans Seismic Design Criteria [25].
The bridge that is herein used was the object of a previous contribution [23] as a possible configuration
for strengthen an original bridge and named I-01 (Figures 1 and 2). The proposed 3D finite element
model aims to reproduce the complex non-linear mechanisms to represent realistically the behaviour
of the entire system (soil + foundation + bridge). This goal is particularly challenging because of
the effect of soil non-linearity, such as the shear mechanisms that lead to permanent deformations.
OpenSees [26,27] was applied to build the finite element models. In particular, due to the large number
of non-linear dynamic analyses some simplifications were introduced to improve the computation
speed: (1) abutment foundations were modelled as rigid slabs and with an equivalent linear elastic
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material. (2) Deformations inside the foundation and intermediate nodes along the height of the
superstructure were calculated during the analyses but not saved and memorized as results. (3) Concrete
columns were modelled with equivalent linear elastic materials. (4) The deck is assumed to be capacity
designed since the isolation systems have been designed to allow it to respond in the elastic range,
as in [23]. (5) Abutments were modelled with an equivalent linear elastic material and a nominal mass
proportional to the superstructure dead loads, as in [23].
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2.1. Soil Model

The soil was simulated with a 200 × 200 m × 20 m 3D soil mesh built up with 6360 modes and
5330 non-linear “Bbar brick” elements. The mesh was calibrated among several ones to be the best
compromise between computational cost and numerical precision. For each element: 20 nodes describe
the solid translational degrees of freedom (DOF) and for each of them: DOFs 1, 2 and 3 represent
solid displacement recorded using OpenSees Node Recorder [26] at the corresponding integration
points. The number of elements was defined on the bases of the wavelength of the seismic signal and
the maximum frequency above which the spectral content of the input can be considered negligible.
The dimension of the elements was increased from the bridges to the lateral boundaries that were
modelled to behave in pure shear and located far away, as previously studied in [23]. The meshes were
built up following the approach shown in [23,28–30] and were tested by verifying that the accelerations
at the surface of the mesh near the lateral boundaries were identical to those simulating free-field
conditions. The penalty method (tolerance: 10−4) was applied in correspondence with the lateral
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boundaries and shear deformations were allowed by leaving the longitudinal and transversal directions
unconstrained. Vertical direction was fixed at the lateral boundaries. Absorbent boundaries were
assigned at the base to account for the effects of wave reflection following the traditional approach
by [31]. Three homogeneous layers (named STIFF, MEDIUM and SOFT) with increasing deformability
were performed in order to consider the non-linear effects of the soil, such as amplitude-dependent
amplification (or de-amplification), plastic accumulation of ground deformation and permanent
movements (rotations, settlements and tilts) at the foundation level. The Pressure-Independent
MultiYield (PIMY) model (representative parameters shown in Table 1) was applied in order to consider
the non-linear mechanisms of hysteretic response and radiation damping. PIMY implements the
Von Mises multi-surface kinematic plasticity model allowing the of cycle-by-cycle mechanism of
permanent shear strain accumulation to be controlled. In particular, the deviational part of the flow rule
is associate (non-linear) and independent from the volumetric part (non-associate and linear-elastic),
as shown in [32]. The non-linear back-bone curve are represented by hyperbolic relations and defined
by the strain shear modulus and ultimate shear strength (Figure 3).

Table 1. Pressure-Independent MultiYield (PIMY) model: soil parameters.

Stiff Medium Soft

Mass density (kN/m3) 18 15 13
Shear Modulus (MPa) 150 60 13
Bulk Modulus (MPa) 750 300 65

Cohesion (kPa) 75 37 18
Shear wave velocity (cm/s) 430 200 100
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2.2. Foundation Model

The entire system was developed to capture the interaction between the structural elements
and the soil (i.e., potential settlements, rotations and tilts). In particular, foundations were modelled
as superficial 0.5m-concrete slabs for both the abutments and were designed for the most severe
conditions, such as maximum vertical pressure and maximum eccentricity (calculated as the ration
between the overturning moment bending moment at the base of the foundation and the vertical axial
force). Rigid link elements were used to model the 0.5m foundations below the abutments to capture
the interaction of the soil and the bridge (including the potential embankment settlement into the
surrounding soil), as in [23,28–30]. EqualDOF, commonly used in OpenSees [26] to link together nodes
that has the same degree of freedom, connects the two points (one belonging to the foundation and
the second to the soil, imposing equality of displacements. The foundation of the column has been
modelled as a single Type I Caltrans pile shaft (20 m length) assumed to have a cross section continuous
with the column above and below the grade. EqualDOF was used to link together all the nodes at
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the base of the column and the ones belonging to the foundation slab, modeled as a rigid element.
The nodes of the interface between the foundations and the soil were connected with a horizontal
rigid beam-column link to model the continuity of the link slab-column. Rigid beam-column links
set normal to the pile longitudinal axis represent the geometric space occupied by the pile and were
connected to the soil with EqualDOF. The 25m-embankments were founded on a 0.5 m foundation
with a total weight of 30000 kN.

2.3. Structural Model

The bridge was modelled with elastic material (Young modulus: 2.8·107 kPa, Shear modulus:
1.15·107 kPa, density: 2.4 t/m3). The 6.71 m-column was modelled with non-linear forced-based
beam elements and fiber-section (cross section: 0.95 m2, moment of Inertia about longitudinal and
transversal axis: 0.108 m4), and the moment/curvature diagram is shown in Figure 4. The column was
connected to the deck with EqualDOF in order to model restrain all the 6 components of deformations
(fixed connection). The 90 m-deck is also modelled with elastic beam elements (cross section: 5.72 m2,
moment of Inertia about transversal axis: 2.81 m4 and vertical axis: 53.9 m4, distributed loads:
130.3 kN/m). The deck was connected with the abutments with zero-length elements (with high
stiffness) in the transversal and vertical directions to restrain the deformations along these directions.
The longitudinal connections between the deck and the abutments were realized with bearing pads in
symmetrical positions and shown in Figure 5. The bridge could translate longitudinally, following a
perfect elastic connection deck–abutments, realized with Soft Damping Rubber Bearings with modulus
of elasticity G = 0.4 MPa and equivalent viscous damping n = 10%. These devices were modelled with
2 longitudinal simple elastic springs (730 kN/m) for each pads, while vertical and transversal directions
of the abutments were restrained [23,33].
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3. Resilience Assessment

The methodology followed in this paper is based on several assumptions: (1) the implementation
of a restoration function proposed by [29]; (2) the assessment of losses by using repair cost ratio (RCR)
and repair time (RT) from the PBEE methodology, and (3) the calculation of resilience as the primary
parameter used to guide investment decisions for a bridge after an earthquake. Resilience is defined
by the rapidity for a system to return to pre-disaster levels of performance and can be calculated
as follows:

R =

∫ t0E+RT

t0E

Q(t)
RT

dt (1)

where, t0E is the time of occurrence of the event E, RT is the repair time (or recovery time) necessary
to restore the functionality of the bridge and it is calculated with the PBEE methodology, as shown
in the next section. Q(t) is the recovery function that quantifies the recovery process to return to the
pre-earthquake level of functionality. Resilience is defined graphically as the normalized shaded area
underneath the recovery function Q(t) and thus its quantification is based on the definition of Q(t)
functions [5].

4. Recovery Model

Recovery models quantify the recovery procedures to recover from the seismic event and this
paper proposes a formulation to describe the recovery process with a continuous function that assesses
the increase of bridge functionality (Q) in dependence with time (t) by a power model that is generally
applied to describe log-normally distributed phenomenon. Such a formulation is useful because
the unknown coefficients can be obtained from regression analyses that are statistical processes for
estimating the relationships between variables. Therefore, Q is defined as the percentage of the
pre-earthquake functionality (see Figure 6):

Q(t) = β× (t− t0E)
α + Q0 (2)

where t0E is the time of occurrence of the event E, RT is the repair time (or recovery time) necessary
to restore the functionality of the bridge and it is calculated with the PBEE methodology, as shown
in the next section. Q(t) is the recovery function that quantifies the recovery process to return to the
pre-earthquake level of functionality. Resilience is defined graphically as the normalized shaded area
underneath the recovery function Q(t) and thus its quantification is based on the definition of Q(t)
functions [5].Infrastructures 2020, 5, x FOR PEER REVIEW 7 of 13 
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β represents the ratio between the final functionality Q and the original value of functionality
(that is assumed equal to one). This ratio can generally vary from 0 to 1 (0% to 100%). Sometimes
recovery procedures allow an improvement relative to the original functionality, and this value can be
higher than 1.0.

α defines the exponent of the growth and it is related to the specific strategy applied. It depends
on many uncertainties and can be assessed by statistical approaches, such as optimization procedures.

Q0 is the level of functionality due to the impact of the earthquake in correspondence with the
time of occurrence of the event E (t0E) and needs to be assessed by the estimation of direct and indirect
losses (see next section), as described in [5]. The proposed formulation (2) is based on two parameters
(α and β and a mathematical structure (power function) that can describe restoration procedures
more realistically than the linear one. In particular, α and β need to be consistent with practical
experience coming from bridge multi-sectorial actors (i.e., bridge owners, transportation authorities
and public administrators) to cover various bridge classes, different bridge characteristics and specific
recovery procedures.

5. Loss Model

Recovery time and costs of repair were calculated by applying the Pacific Earthquake Engineering
Research (PEER) centre methodology [34,35]; 100 input motions were selected from the PEER NGA
database (http://peer.berkeley.edu/nga/). They consist of 3D triplets, composed of 3 perpendicular
acceleration time history components (2 lateral and 1 vertical) and reproduce typical California
seismicity, with characteristic periods similar to the fundamental of the bridges, [23].

The ground motion hazard was introduced for a hypothetical site with intensity data specified at
three specific probabilities of exceedance in 50 years (2%, 10%, and 50%). The calculation of the losses
is based on the Caltrans Comparative Bridge Costs database and consisted in a probabilistic procedure
called the local linearization repair cost and time methodology (LLRCAT) developed by Mackie et
al., 2011 and 2012. Repair time is expressed in crew working days (CWD) that is not the number of
days that would be required for repair but depends on several factors, such as the number of crews,
incentives, number of hours per day on site, etc. Repair costs are expressed in terms of RCR defined as
the ratio between the cost of repair and the cost of replacement (does not include demolition) and it
can range between 0% and some number higher than 100%. Repair costs are calculated on the basis of
performance groups and cost functions that allow to define the loss with a probabilistic-base approach
and on the bases of economic estimations [34,35]. The results for three different soil conditions are
shown Figures 7 and 8 in terms of PGV (Peak Ground Velocity), used as the reference intensity measure.
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The effects of soil deformability on the performance of the bridge and thus on the losses depend
on the mutual interaction between the dynamic characteristics of the input motion and of the structure,
as shown in [24]. It is worth noting here that accounting SSI effects lead to an increase of both the
losses, with a less continuous increase for RTs, due to the triggering of repair activities, as shown in [8].

Figure 7 shows that the STIFF condition accumulates the least RT (as would be expected) before
reaching a plateau (around 52.5 CWD) above which RTs do not continue to increase because the
intensities of PGV are insufficient to cause more failure in the superstructure. The weaker soil cases also
exhibit a cost plateau, followed by another increase at PGV (equal to 60 cm/s and 80 cm/s, respectively
for SOFT and MEDIUM), due to the accumulation of damage at foundation level. The maximum
values of RT are 111.1 CWD and 82.3 CWD, respectively for SOFT and MEDIUM soil.

Figure 8 shows that for MEDIUM and STIFF soil scenarios, RCRs begin to accumulate only after a
certain level of PGV (approximately 15 cm/s and 20 cm/s, respectively for MEDIUM and STIFF). For the
SOFT condition, there is no retardation in the increase of RCRs that is quicker than for the other soil
conditions to reach a plateau above which the cost is relatively constant (for PGV bigger than 18 cm/s).
For other soil conditions, RCRs increase for PGVs ranging between 15 cm/s to 45 cm/s for MEDIUM
soil and between 22 cm/s to 65 cm/s for STIFF soil. After these intensities, all the soil conditions show
the same (almost constant) values of RCR (33–35%).

Tables 2 and 3 show the results in terms of RT and RCR for the three considered soil conditions
and with three specific probabilities of exceedance in 50 years (2%, 5% and 10%).

Table 2. Repair time (RT) (CWD: crew working days).

Probability of Exceedance Stiff Medium Soft

50% 4.0 52.4 64.8
10% 20.0 73.5 89.0
2% 52.2 82.3 111.1

Table 3. RCR (%).

Probability of Exceedance Stiff Medium Soft

50% 2.5 10.5 34.2
10% 8.8 22.2 34.5
2% 33.3 33.7 34.7
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In order to apply (2) and thus quantify resilience, it is essential to calculate Q0 as the level of
functionality consequent to the impact of the earthquake at the time of occurrence of the event E (t0E).
According with [5], Q0 may be defined as:

Q0 = 1− L = 1−RCR− i×RT (3)

where Q0 is the ordinate in correspondence with t0E and is obtained by subtracting the losses (indicated
in (3) with L) to the original functionality (supposed to be 100%). Note that Q0 and RCR are expressed
in percentage, while RT in CWD, therefore i is a coefficient with the dimensions of [1/T]. As proposed
by [5], direct and indirect losses can be divided in the losses directly identified as the economic costs
and those related to the casualties and because the extreme uncertainties related to the estimation of
casualties, the losses are herein calculated by considering only the economic losses.

Direct economic costs were assumed to be described with the previous calculated RCR (Figure 8),
since they represent the total costs in terms of structural and non-structural elements, as proposed
already in [24]. Indirect economic losses can be related with the repair time RT (Figure 7) and they
consist of two typologies: prolongation time and connectivity losses, as proposed and applied in [23].
In particular, the assessment of indirect losses is a challenging issue and implementing their calculation
in a comprehensive framework may be difficult because the extreme variability of this typology of
losses and the dependency of indirect losses on structures and on network conditions, do not allow
a unique definition, as shown in [8]. In addition, deducing indirect losses from repair time helps to
avoid the uncertainties connected with the estimation of traffic flow before and after the critical event
as proposed in some contributions (e.g., [36]). Applying the PBEE methodology is also important
in adopting a probabilistic-based approach instead of a deterministic estimation of indirect losses.
Indirect losses connected with the prolongation of travel (PT) are caused by interventions on the
infrastructure and the consequent detours that might be needed. Losses due to PT are important when
a network is redundant and there are other alternative networks that can be used to cover the journey.
The second dimension of indirect losses consists of connectivity loss (CL), principally due to the loss
of economic activity that occurs when travel is not possible or the journey can become prohibitive
for commercial and industrial traffic and the entire journey is not covered any more. This intangible
nature of CL makes the assessment relatively challenging. In this paper indirect losses are calculated
as proportional to repair time, calculated in the previous section (Figure 7), by applying a different
coefficient i in order to represent the cases where only direct losses are considered (i = 0) and several
cases where indirect losses become more important.

6. Seismic Assessment of Soil–Structure Interaction

This section discusses the calculation of resilience by applying the (1) and (2). Several assumptions
were made in the choice of the various parameters: (1) this paper applied a linear restoration function
(α = 1), in absence of information about preparedness and available resources, (2) 3 values of β were
considered: 0.8, 1 and 1.1 (Tables 4–8) to define the level of recover the original functionality after the
earthquake (a partial, a full recovery, and an improvement, respectively).

Table 4. Resilience i = 0.5, α = 1, β = 1.

Probability of Exceedance Stiff Medium Soft

50% 0.978 0.817 0.667
10% 0.906 0.705 0.605
2% 0.703 0.626 0.549
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Table 5. Resilience i = 0.3, α = 1, β = 1.

Probability of Exceedance Stiff Medium Soft

50% 0.982 0.869 0.732
10% 0.926 0.779 0.694
2% 0.755 0.708 0.660

Table 6. Resilience i = 0.1, α = 1, β = 1.

Probability of Exceedance Stiff Medium Soft

50% 0.986 0.921 0.797
10% 0.946 0.852 0.783
2% 0.807 0.790 0.771

Table 7. Resilience i = 0.5, α = 1, β = 0.8.

Probability of Exceedance Stiff Medium Soft

50% 0.878 0.717 0.567
10% 0.806 0.605 0.505
2% 0.603 0.526 0.449

Table 8. Resilience i = 0.5, α = 1, β = 1.1.

Probability of Exceedance Stiff Medium Soft

50% 0.999 0.867 0.717
10% 0.956 0.755 0.655
2% 0.753 0.676 0.599

The results of the analyses in terms of resilience are shown in Figures 9–11 that compare the three
selected soil conditions in order to assess the role of soil deformability on the quantification of resilience
of the whole system. As shown in Figure 8, the results are conditioned by the increased effects of RCRs
mainly at high intensities when foundation repair is triggered and significant costs accumulate. This is
particularly true when the calculation includes direct losses only (i = 0) and particularly at the 2%-in-50
year exceeding probability (Figure 9). It is worth noticing that indirect losses reduce the values of
resilience that is significantly affected by soil deformability. However, this level of seismic hazard is
extremely severe. When a 5%-in-50 year level is considered (Figure 10), it is possible to see (even more
clearly) that considering SSI is detrimental to the benchmark bridge, with significant reductions of
resilience occurring.

If the most frequent event (10%-in-50 year level) is considered (Figure 11), resilience is close to
unity (100%, Tables 4–6) and fairly insensitive to indirect losses for STIFF condition. This means
that neglecting the contribution of soil deformability may be too conservative and estimating SSI is
necessary to assess realistically the values of resilience. Figure 11 also confirms the importance of
soil deformability even for lower severity of seismic condition, for example noticing the significant
difference in resilience between MEDIUM and SOFT soil conditions.

Tables 4, 7 and 8 show the results for i = 0.5 and various value of β (0.8, 1 and 1.1), in order to
assess the effects on resilience of various levels of recovery the pre-earthquake functionality. It is
worth noting that only STIFF soil allows high values of resilience (almost 100%), while even with
improvement procedures (β = 1.1), the weak soils show small values of resilience, confirming the
significant role of SSI in the assessment of resilience.
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Figure 9. The 2% probability of exceedance in 50% (α = 1, β =1).
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Overall, the presented framework assesses the importance of SSI by proposing easier-to-read
findings and for a wider range of stakeholders than those resulted by simply considering structural
performance. In this regard, the results can be of interest for multi-sectorial actors, such as bridge owners,
transportation authorities and public administrators, allowing interdisciplinary applications, such as the
assessment of recovery techniques and solutions and/or new easy-to-use decision-making approaches.
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7. Conclusions

Quantification of resilience for bridges is generally limited to behaviour of the superstructure
without considering the role of SSI. This paper contributes to this issue by combining a coupled
bridge-foundation-ground numerical model with the application of a resilience-based approach.
The case study consists of a two-span ordinary standard bridge founded on three different soil scenarios
ranging from a stiff to weak soil layer. The recovery model is based on the application of a power
model that may quantify the recovered functionality after the event. The loss model is assessed
by performing the PBEE framework to calculate the total repair costs and repair times. The paper
demonstrates that soil deformability is detrimental and the weakest soil results in the smallest values
of resilience by presenting readable findings for a wide range of different stakeholders, particularly for
bridge decision-makers.
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