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Abstract

In the paper, a methodology for the seismic loss estimation is briefly presented and applied to a precast building. The loss
estimation methodology consists of the hazard analysis, response history analysis, damage history analysis, restoration
analysis and loss analysis. The damage history analysis enables precise simulation of the restoration measures, which can
then be used for direct loss estimation without duplication of restoration measures or consideration of restoration measures
that are not actually needed. Moreover, the damage of components that are considered in the mechanistic model of the
building is simulated directly from the response history analysis. On the other hand, the damage of components which
are not considered in the mechanistic model of the building is estimated by utilizing building's components fragility
functions. The uncertainty of damage for a given value of intensity measure is considered by defining several building
simulations and using each of them in various nonlinear response history analyses for a set of hazard consistent ground
motion records.

The methodology is applied to a precast reinforced concrete warehouse building located in Slovenia. For the purpose of
this application, a three-dimensional mechanistic model of the building was developed. The model contained structural
as well as non-structural components. The results of the loss estimation are presented in terms of the collapse risk,
expected annual loss and loss curve. The mean annual collapse frequency amounted to 1.8 x 10, which is much more
than expected for code-conforming buildings. The expected annual loss was equal to 0.26% of the cost of a new building
including the cost of contents. A large part of the expected annual loss (80%) originated from the collapse cases. This
was also reflected in the shape of the loss curve, which showed a pronounced jump in losses at frequencies close to the
evaluated frequency of collapse.

Keywords: loss estimation; precast reinforced concrete building; collapse risk; expected annual loss; loss function

1. Introduction

Seismic loss estimation is a powerful tool which can be used in the lifecycle cost-benefit analysis [1], as well
as in other risk-informed evaluation tools [2, 3]. The most widely used approach for seismic loss estimation is
the PEER approach [4], which is also supported by a comprehensive database of fragility and loss functions.

In the PEER approach, the loss functions are defined at the level of component type, by prescribing a
list of restoration measures (RMs) for the given damage state (DS) and assigning the losses (Ls) to these RMs.
In this approach, the lists of RMs are indirectly considered through DS-based loss functions, which can cause
duplication of RMs or consideration of RMs that are not relevant for the component and simulation at hand.
Furthermore, although the PEER methodology considers correlation between the outcomes within each step
of the loss estimation, it neglects the correlation between the outcomes of the response history analysis and
damage analysis, which occurs because the uncertainty in the capacity of a building component simultaneously
affects the damageability of the component as well as the response history of the entire building [5].

The above issues can be especially relevant in cases of buildings that were not addressed in the
development and validation of the PEER methodology. For example, PEER methodology was not yet applied
to the precast reinforced concrete buildings that are commonly used in Europe. They are characterized by very
slender columns, hinged connections between columns and beams, and precast cladding panels that are
conventionally considered as non-structural components although they can significantly affect the seismic
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response [6]. Additionally, the value of industrial equipment often exceeds the cost of construction of such
buildings.

In this paper, a loss estimation methodology that addresses the challenges mentioned above is presented
and applied to a precast building typical for Europe. The methodology is based on direct simulation of RMs,
which enables assigning different RMs to components that are of the same type and experience the same level
of damage. Moreover, the DSs of the components that are simulated in the mechanistic model of the building
are simulated directly from the response history analysis, which means that the results of the response history
analysis and damage analysis are inherently consistent. The methodology is described in Section 2, while its
application is presented in Section 3. Conclusions are given in Section 4.

2. Description of the loss estimation methodology

In the proposed methodology, the loss is estimated based on direct simulation of RMs. The simulations are,
however, divided into a mechanistic and a non-mechanistic simulation (Fig. 1). The mechanistic simulation
comprises physics-based analyses, which includes both the response history analysis of all the components
that have an essential effect on the building’s engineering demand parameters (EDPs) as well as the
corresponding damage history analysis (Fig. 1a). The components that essentially affect the building’s EDPs
are denoted as primary components. The outcomes of the response history and damage history analysis of
primary components are, respectively, the history of EDPs and the history of the occurrence of DSs of primary
components. The DSs occurrence history is expressed in the form of a damage history matrix, which contains
information regarding the occurrence times of all DSs identified in the damage history analysis of primary
components. The analyses are explained in more detail in Section 2.1.

Not all components of the building are included in the response history analysis, due to their insignificant
effect on the global seismic response. These components are termed secondary components. Consequently,
damage history analysis of the secondary components is a part of the non-mechanistic simulation, which is
performed by considering the EDPs and DSs of the primary components simulated in the preceding
mechanistic simulation (Fig. 1b). The outcome of the damage history analysis of the secondary components is
the DSs occurrence history of secondary components, which is expressed by updating the damage history
matrix formed in the mechanistic simulation. The analysis is explained in more detail in Section 2.2.

The non-mechanistic simulation also includes the restoration analysis and loss analysis (Fig. 1b), which
are non-mechanistic by nature. In these analyses, no distinction is made between the primary and secondary
components. The outcome of the restoration analysis is the list of RMs, while the outcome of the loss analysis
is a single loss value (i.e. the total loss Lr). The analyses are explained in more detail in Section 2.3.

Mechanistic simulation Non-mechanistic simulation
Analvsis Response history Damage history analysis of Damage history analysis of Restoration Loss
7 analysis :> the primary components _’ the secondary components analysis analysis
Outcome of EDPs history DSs occurrence history DSs occurrence history R’,M‘ (""q_’ of Lr(a ;‘;ng{e
the analysis I (damage history matrix) (updated damage history matrix) restoration total loss
measures) value)
(a) (b)

Fig. 1 — The division of a single loss simulation to (a) the mechanistic simulation and (b) the non-
mechanistic simulation.

In order to consider the modelling uncertainties and record-to-record randomness, several loss
simulations are performed at various levels of intensity measure (IM). However, before performing the
simulations, input data corresponding to both types of simulations is processed. Based on the division between
the mechanistic and non-mechanistic simulation, input parameters are classified as mechanistic or non-
mechanistic input parameters, respectively. It is possible that some of the mechanistic and non-mechanistic
input parameters could be considered deterministic (i.e. constant values) and that some should be considered
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uncertain in order to estimate the dispersion of Lt with sufficient accuracy. Processing of input data involves
the determination of samples of uncertain parameters. Thus, N, samples of mechanistic and N, samples of
non-mechanist input parameters are generated and used, respectively, in mechanistic and non-mechanistic
simulations. Any suitable method can be used to generate these samples. A possible choice is the Latin
Hypercube Sampling (LHS) method [7] in combination with the simulated annealing algorithm [8], which has
been used before in the field of earthquake engineering [9].

The record-to-record randomness is accounted for at each level of IM by Na ground motions. For each
ground motion, Nm % Ny loss simulations are performed as shown by the algorithm presented in Fig. 2. Thus,
each combination of the mechanistic and non-mechanistic simulation results in a unique damage history matrix
(Section 2.2), a unigue list of RMs (Section 2.3), and the resulting total loss Ly (Section 2.3). For each loss
simulation, the collapse is also indicated in the damage history matrix if identified in the mechanistic part of
the simulation. By considering all the ground motions, the probability of building’s collapse conditional to the
level of IM can be calculated. The above process is performed for each of the N, ground motions which are
scaled to N; levels of IM. Thus, N; collapse probabilities and N; loss samples are obtained. For each level of
IM, the sample size of losses Ly is equal to Na x N % N.

Samples of
mechanistic
parameters

m=m+ 1,
n=1

NO

4

m=1: m-th n-th Damage history matrix (m, n),
P 1’ —> mechanistic —» non-mechanistic List of RMs (m, n), = Nn!
simulation simulation Lr(m, n)
A
YES
Samples of Simulation for the
non-mechanistic > « n=nt+l |+ considered ground
parameters motion completed

Fig. 2 — The algorithm for the realization of a sample of mechanistic and non-mechanistic simulations for a
specific ground motion.

Based on the collapse probabilities and by utilizing a suitable regression method (e.g. the maximum
likelihood method), the building’s collapse fragility function is derived and coupled with the seismic hazard
curve in order to calculate the building’s mean annual collapse frequency A(C). Moreover, based on the loss
samples, the mean vulnerability function is derived. This is done by first calculating the expected Ly for each
of the Ni levels of IM, and then interpolating between these expected values of L. However, vulnerability
functions are also determined for different percentiles of the loss distribution. Each such vulnerability function
is derived by means of interpolation between the same percentiles of Lr. Finally, based on the vulnerability
functions and by considering the seismic hazard curve, the expected annual loss EAL and the loss curve
A(Lv>lt), which indicates the frequency A of exceedance of loss Ir, are obtained.

2.1 Response history analysis and damage history analysis of primary components

The response history analysis is performed to obtain the history of any EDP that can be simulated by the
mechanistic model of the building and considered an appropriate measure for direct estimation of damage in
any of the building’s components (primary or secondary). The mechanistic model should at least include the
vital structural components. However, in the case where the non-structural components significantly affect the
seismic response, those components should also be included in the mechanistic model.

The history of EDPs of the primary components is used directly to determine the DSs of the primary
components. For example, if the EDP in a column exceeds deformation related to the concrete spalling, the
DS corresponding to the spalling is assigned to that column. Thus, the definition of the onset of DSs is
deterministic. However, this does not mean that the occurrence of a DS itself is deterministic. For instance, in
the case where the DS is defined deterministically by the spalling deformation, the spalling deformation itself
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can be considered uncertain, as in the case of the presented example (Section 3). The effect of the uncertainty
in the DSs can thus be considered by performing a sufficient number of mechanistic simulations. The advantage
of such a damage analysis is that the DSs observed in the primary components are inherently consistent with
the results of the response history analysis.

The DSs that are identified during the damage history analysis of the primary components are
systematically presented by the damage history matrix (Fig. 3a). The damage history matrix consists of three
columns that represent the occurrence time of the DS, the 1D of the damaged component, and the ID of the DS.
The occurrence time of a DS is determined as the time at which the capacity of the DS (denoted as engineering
capacity parameter — ECP) is first exceeded by the corresponding demand (i.e. EDP). Moreover, if the collapse
of the building is identified, its occurrence and the corresponding time instance tc is indicated in the last row
of the damage history matrix (Fig. 3a).

Occurrence | Component | Damage state
time 1D ID
Occurrence | Component | Damage state 1 Cip,1 DSp,
time D D =1 Cimp2 DSip,2 }
h Cip,1 DSip,1 J=zzrows added due to
—_ fi1 Crpin DSt DSs of secondary
i Cii DS lis Cm,i+2 DS |-} compenents
ti¥3="ti+3 Crm,i+3 D row deleted due to
i Cin, DS, DSs being mutually
(a) c All (collapse) DSm,c i Cipy+2 DSpp+2 exclusive
(b) tc All (collapse) DSipc

Fig. 3 — An example of the damage history matrix in the case of collapse: (a) with sole consideration of the
primary components, and (b) with additional consideration of the secondary components. Notations Cip,; and
DSip,; refer to the ID of the component and the ID of the DS from the i-th row of the damage history matrix.

2.2 Damage history analysis of secondary components

The DSs of the secondary components are simulated in two different ways. First, the DSs are simulated based
on the conventional approach. In this case, the capacity corresponding to the given DS (i.e. ECP) is defined
and compared to the appropriate demand. The ECPs of the given component that correspond to the designated
DSs are defined by utilizing the EDP-based fragility functions (e.g. ATC, 2012), while the demand is
approximated by the EDP of the closest primary component obtained in the response history analysis. The DS
is considered to be reached if EDP > ECP.

In addition to the DSs of secondary components that are simulated based on the fragility functions, the
damage caused by domino effects is also simulated. For this simulation, it is necessary to pre-identify potential
interactions between the DSs. Each such interaction is defined by the triggering component (i.e. the trigger)
and the corresponding trigger DS, and by the targeted component (i.e. the target) and the corresponding target
DS. An example of such an interaction between the DSs is the collapse of an equipment unit that is triggered
by the overturning of an adjacent storage rack (Fig. 4a). The identification of all potential interactions between
the DSs can be a complicated process. For this reason, the interactions are first defined at the level of a few
component groups that consist of structurally and functionally similar components. Only then, the interactions
at the level of individual components are automatically identified based on the distance between the
components that have the potential to act as triggers and components that can act as targets. With all the
interactions identified, the simulation of DSs is performed by examining if the trigger DS has occurred in the
trigger. If this is the case, the target DS is simply assigned to the target. Such simulation of DSs makes it
possible to consider the interdependencies between the DSs that would be difficult to include solely by taking
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into account the statistical correlation. Moreover, by considering a given DS as both a target DS and a trigger
DS, it is possible to model multi-level domino effects.

The DSs of the secondary components are added to the damage history matrix of the primary
components (Fig. 3b). The occurrence time of a given DS is equal to the time at which the ECP is first exceeded
by the corresponding EDP (if the DS is simulated based on the conventional approach), or to the occurrence
time of the trigger DS (if the DS is simulated based on the interactions between the DSs). Simultaneously to
adding the DSs of the secondary components to the damage history matrix, the matrix is revised by deleting
duplicated and mutually exclusive DSs (Fig. 3b). In the case of mutually exclusive DSs, only the DS that occurs
first is kept in the matrix. Thus, the progression of damage throughout the earthquake is simulated for the
secondary components as well.
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Fig. 4 — (a) an example of the interaction between DSs, and (b) an example of the interaction between RMs in
a precast building.

2.3 Restoration analysis and loss analysis of all building components

The simulation of RMs is performed in two different ways. First, the RMs are simulated as direct consequences
of the DSs that were stored in the damage history matrix. An example of such a RM is the replacement of a
column due to its extensive damage.

However, some RMs require that other RMs are also performed. For instance, in the example presented
in Section 3, the replacement of a column requires that the adjacent cladding panels are temporarily removed.
For this reason, the RMs are also simulated by considering the interactions between the RMs. Such interactions
are analogous to the interactions between the DSs in the sense that the occurrence of the trigger RM in a given
building component (i.e. the trigger) causes the occurrence of the target RM in another, adjacent building
component (i.e. the target). In the previous example, the trigger RM and the target RM would be the
replacement of the column and the temporary removal of the cladding panel, respectively (Fig. 4b). In order
to simplify the input for such simulation of RMs, the interactions between the RMs are first defined at the level
of a few component groups and then automatically identified at the level of individual components based on
the distances between the components that have the potential to act as triggers and components that can act as
targets.

All the simulated RMs are stored in the list of RMs. Due to several possible sources of RMs, it is possible
that a given RM on list of RMs is duplicated. This problem can be solved by simply removing all the RMs that
are repeated. Moreover, it is possible that two RMs are incompatible (e.g. the temporary removal and the
replacement of the same cladding panel). If this happens, the less severe RM (i.e. the temporary removal of the
cladding panel from the previous example) is removed from the list of RMs.

The losses (Ls) corresponding to individual RMs are then determined. It is foreseen that the Ls are
obtained from the RM-based loss functions that are defined as cumulative distribution functions of L, thus
being analogous to the DS-based loss functions utilized in the PEER methodology [4]. However, the difference
between the RM-based and DS-based loss functions is that in the former case, Ls are calculated as direct
consequences of RMs rather than estimated indirectly through the observed DSs. Finally, by summation of Ls
corresponding to all RMs, the total loss Ly is obtained.
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3. Application of the loss methodology to a precast building

The investigated building is a single-story warehouse located in Ljubljana, Slovenia (Fig. 5a). It has a precast
reinforced concrete structure (Figs. 5b, 5¢ and 5d), which consists of cantilever columns, longitudinal and
transverse beams, and pi-slabs. The longitudinal (main) beams are pinned to the top of the columns by steel
dowels and connect the columns in the direction of the longer inter-column span. The transverse beams are
used to connect the perimeter columns in the direction of the shorter inter-column span. The pi-slabs connect
the longitudinal beams in the direction perpendicular to their axis. The structural components that
predominantly affect the seismic response of precast reinforced concrete structures similar to the structure of
the analysed building are the columns and the dowel connections between the beams and columns [6]. The
columns were designed [10] according to Eurocode 8 [11]. However, in the case of the dowel connections, no
model for the calculation of the connection strength is provided in Eurocode 8. Therefore, the connections
were designed [10] based on the state-of-the-practice approach, where the strength of the dowel connections
is considered equal to the shear strength of the dowels themselves [6].
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Fig. 5 — The investigated building: (a) the layout of the ground floor, (b) the plan view and the section view
of the structure, and (c) reinforcement in the columns.

At the building’s perimeter, vertical precast cladding panels, which are considered non-structural
components, are attached to the longitudinal and transverse beams by special fastenings [12]. In addition to
the structural and non-structural components, the stored equipment, storage racks and air handling unit are
considered as the most valuable contents of the building. The cost of a new building amounts to approximately
3.7 million euro including the cost of contents.

According to the proposed methodology, the components of the building were divided into primary and
secondary components. The primary components comprised columns, longitudinal and transverse beams, pi-
slabs and cladding panels. The secondary components comprised foundation, flooring, roofing, suspended
ceiling, partition walls, doors, gutters, lights, computer equipment, office equipment, ducts, diffusors, an air
handling unit, stored equipment, storage racks, surveillance cameras, the construction pit and rugged
installations. The restoration of the construction pit and rugged installations was only possible in the case of
collapse of the building.
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3.1 The mechanistic model of the building for response history analyses

A three-dimensional mechanistic model of the building was developed within the OpenSees platform [13]
using the lumped-plasticity approach from a previous study [6]. By definition (Section 2), the primary
components (i.e. the columns, longitudinal and transverse beams, pi-slabs and cladding panels) were
considered in the model.

The columns were modelled as one-component lumped-plasticity elements with two independent
rotational springs. The backbone curve and the hysteretic rules that approximately account for cyclic
degradation of strength and stiffness [14], were considered. Longitudinal and transverse beams were modelled
as elastic elements with concentrated masses at their endpoints. The connections between beams and columns
were modelled by several zero-length elements connected in parallel in order to simulate the effect of the steel
dowel, the friction between the corbel at the top of the column and the beam, and the impact between the
column and the beam. It should be noted that the strength of the dowel connections was calculated by using a
model [15], which was more realistic than that used in the design phase, since it had been developed only after
the building had been designed. Moreover, the zero-length element that simulated the effect of the dowel was
removed from the model during the analysis if the failure of the dowel was identified. In the case of the
transverse beams, the failure of the dowel also indicated the removal of the beam itself, due to the insignificant
contribution of friction to the overall strength of the beam-to-column connection. The effect of the pi-slabs
was modelled by a very stiff elastic element.

The cladding panels are fixed at the base and at the top connected by fastenings to the beams. Thus the
rocking of cladding panels is prevented, but the panels can still rotate at the base in the out-of-plane direction.
The interaction between the panels and the longitudinal or transverse beam was modelled by zero-length
elements that simulated the effect of the fastenings [12]. The node at the top of each panel contained one half
of the panel’s mass and moved freely in the out-of-plane direction, thus simulating the inertial forces due to
the panel. The finite elements that were used to model a given panel were removed from the model during the
analysis if the fastenings of that panel failed in either the in-plane or the out-of-plane direction. In addition, the
panel was removed from the model if it was connected to a transverse beam that was, itself, removed from the
model.

The uncertain mechanistic parameters included mass, damping ratio, material characteristics, modelling
parameters corresponding to the response of the columns, and parameters related to the attachment of cladding
panels that affected the response of the fastenings. Altogether 13 mechanistic input parameters were modelled
by random variables. Modelling parameters of the columns were considered correlated. The correlation
coefficients were obtained from a study by Ugurhan et al. [16].

3.2 Input parameters for the damage history analysis

The definition of DSs depended on the type of the component. In the case of primary components, the
occurrence of DSs was directly defined by capacities (ECPs) that indicated the strength or deformation
capacities of the component. In Table 1, an example of the definition of DSs is presented for cladding panels.
Definition of DSs of other primary components can be found elsewhere [17].

Table 1 — The definition and simulation of DSs of cladding panels (example primary components)

DS | Description of the DS Indication of the DS (EDP and the corresponding ECP)

DS1 | Moderate damage in the fastenings In-plane or out-of-plane displacement in the fastenings exceeding the in-
plane or out-of-plane yield capacity, respectively

DS2 | Dislocation and overturning of the panel due | In-plane or out-of-plane displacement in the fastenings exceeding the in-
to failure of the fastenings or due to the plane or out-of-plane ultimate capacity, respectively; displacement in the
dislocation of the supporting transverse beam | dowel connection of the supporting transverse beam exceeding its capacity

© The 17th World Conference on Earthquake Engineering - 8b-0010 -



8b-0010

The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

The response of the primary components was also used as the indicator of building’s collapse. Two
types of collapse mechanisms were considered. The first type was associated with the total loss of bending
strength in at least one column, while the second type was defined by the unseating of at least one longitudinal
beam from the supporting column.

In the case of the secondary components, several DSs were simulated based on the comparison between
ECPs and EDPs, whereby defining the ECPs based on the fragility functions from [4]. However, several DSs
were also simulated based on their interactions with other DSs. The interactions between the DSs that were
considered in the analysis were related to components dislocating from their support and consequently falling
on the components below (e.g. ducting, lights or suspended ceiling falling on the equipment below), or to the
overturning of components (e.g. cladding panels or storage racks overturning and falling on the adjacent
equipment pieces). The definition of interactions between the DSs was based on the location and the size of
the components. In Table 2, an example of the definition of DSs is presented for computer equipment. Observe
that three DSs were simulated based on their interactions with other DSs (occurring in the suspended ceilings
located above the equipment) and one DS was simulated based on the comparison between its ECP and the
corresponding EDP. Definition of DSs of other secondary components can be found elsewhere [17].

Table 2 — The definition and simulation of DSs of computer equipment (example secondary components)

DS | Description of the DS Simulation of the DS based Simulation of the DS based on an
on the comparison between interaction with another DS
ECP and EDP
DS1 | 5% of equipment damaged due to the impact / Triggered by a DS in suspended
with the suspended ceiling tiles above ceiling located above the equipment

(5% of the ceiling tiles dislocated)

~

DS2 | 30% of equipment damaged due to the impact Triggered by a DS in suspended
with the suspended ceiling tiles above ceiling located above the equipment
(30% of the ceiling tiles dislocated)

~

DS3 | 50% of equipment damaged due to the impact Triggered by a DS in suspended
with the suspended ceiling tiles above ceiling located above the equipment
(50% of the ceiling tiles dislocated)

DS4 | Failure of functionality (acceleration sensitive) | Fragility function: /
PGA = 0'4glﬁPFA =0.5

3.3 Input parameters for the restoration analysis and loss analysis

The RMs that were simulated as direct consequences of DSs were defined according to previous loss estimation
studies, where the DSs had been linked to Ls by assuming a default set of RMs [4, 18]. In those studies, the
reported RMs are generic, while in the proposed methodology, RMs are directly simulated. However, the
interactions between the RMs were also taken into account in order to appropriately simulate the temporary or
permanent removal of components adjacent to the damaged components. For this purpose, it was necessary to
define the distances between the components at which the interactions between the RMs could take place.
These distances were defined partly based on [4] and partly based on engineering judgment. In Table 3, an
example of the definition of RMs is presented for cladding panels. Definition of RMs of other components can
be found elsewhere [17].
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e it

Table 3 — The definition and simulation of RMs, and the corresponding median Ls of cladding panels
(example component)

RM | Description of the RM | Simulation of the RM asa | Simulation of the RM based on an interaction with | L|RM [€]
direct consequence of a DS | another RM

RM1 | Repair of the fastenings | Due to DS1 in the panel / 100
RM2 | Temporary removal of Due to DS1 in the panel Triggered by a RM in any column closer than 2.5 m (if | 350
the panel only epoxy injection is required in the column) or 5 m

(if the column needs to be partially or fully replaced)

RM3 | Replacement of the panel | Due to DS2 in the panel / 4900

The Ls corresponding to the RMs were considered uncertain and modelled by a truncated lognormal
distribution. Their median values were estimated based on Slovenian cost databases [19] and the documents
issued by the Slovenian government after the Poso¢je earthquakes [20]. The median Ls for the example RMs
are presented in Table 3. However, the dispersion parameters, as well as the minimum and maximum values,
were based on expert judgement, due to the lack of studies on the dispersion of prices in Slovenia. The
logarithmic standard deviation ranged from 0.15 to 0.5, while the minimum and maximum values differed
from the median for + 35-60%.

3.4 Hazard analysis and ground motions used in the response history analyses

The hazard curve (Fig. 6a) was determined according to the methodology used in the development of seismic
design maps in Slovenia [21]. The geometric mean of horizontal spectral accelerations at 1.6 s was used as the
IM. The period of 1.6 s was selected because it is the yield period of the structure with mean characteristics.

The conditional spectrum approach [22] was used for the selection of 30 ground motions, which were
used in the response history analyses (Na = 30; Fig. 6b). All three ground-motion components were considered
in the response history analyses because the occurrence of unseating of the beams from the columns in this
type of precast buildings strongly depends on vertical accelerations [6].

10" 2

Selected ground motions

—— Mean spectrum

— Target spectrum

Sa(T) [g]

MSa> Sa)

(b)

10° 10 10’ 10'
sa(T=1.6s) [g]
Fig. 6 — (a) Hazard curve and (b) the target spectra and the corresponding spectra of selected ground motions
based on the geometric mean of spectral acceleration of horizontal ground-motion components.

3.5 Loss simulations and results of the loss estimation

The ground motions were scaled to 21 levels of IM (N; = 21) ranging from 0.014 g to 0.77 g. For each ground
motion and level of IM, 22500 loss simulations (Nm x N, = 30 x 750 = 22500) were performed. The number
of mechanistic simulations is equal to the number of ground motions. This is considered acceptable because
the number of random mechanistic input parameters was intentionally limited to 13. However, many more
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non-mechanistic simulations (N, = 750) were performed because of the higher number of uncertain non-
mechanistic input parameters (150) and low computational costs.

Based on the collapse probabilities observed from the mechanistic simulations and by using the
maximum likelihood method, the collapse fragility function of the building (Fig. 7a) was derived. In
combination with the hazard curve (Fig. 6a), the fragility function resulted in A(C) equal to 1.8 x 10=. Such a
high value of 2(C) can be attributed to the different models used for the calculation of the strength of the dowel
connections which were used in the design phase and the estimation phase. It should be noted, however, that
the model used in the estimation phase [15] is foreseen to be included in the new Eurocode [23]. This will
provide the guidelines for the design of the dowel connections that is consistent with the capacity design
principle, thus preventing the dowel connections from being the weak part of the structure.

However, based on the loss samples at the selected levels of IM, the vulnerability functions were derived.
The mean vulnerability function, as well as the 10" and 90" percentile vulnerability functions, are presented
in Fig. 7b. It can be observed that the confidence bands are quite wide. For example, if considering the 80
percent confidence level, the estimated Ly for a 1000-year event (Sa = 0.23 g) ranges between 1.4 and 4.5

million euro.
1 5
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<06 =3
ol 5
o [
E% 0.4 o 2
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0.2 1 —— Mean
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@ o ‘ - ‘ - (b) 0. ‘ : ‘ -
0 0.1 0.2 0.3 04 0.5 0 0.1 0.2 03 0.4 0.5
s«(T=1.65)[g] sa(T=1.65) [g]

Fig. 7 — (a) collapse fragility function and (b) vulnerability functions of the building.

The large dispersion of Ly is also reflected in the conditional complementary cumulative distribution
functions P(Lt>I|Ss) (Fig. 8a). It can be observed that each such function exhibits a plateau where the
probability P(Lr>17|Sa) remains constant while Ly increases significantly. These plateaus divide the non-
collapse cases (left from the plateau) from the collapse cases (right from the plateau). In the case of S, = 0.2 g,
for example (Fig. 8a), the plateau is at the probability of 55%, which also represents the probability of collapse
atS,=0.2g.

Finally, by combining the vulnerability functions with the hazard curve, the EAL and the loss curve
A(Lr>I7) were obtained. The EAL amounted to 0.26% of the cost of a new building including the cost of
contents, which is a rather low value considering the high probability of collapse. However, this can be
attributed to the low contribution of the non-collapse cases to the EAL (about 80% of the EAL originated from
the collapse cases). The high contribution of the collapse cases to the overall losses is also reflected in the
shape of A(Lt>It) (Fig. 8b), which shows a pronounced jump in losses at frequency values close to A(C).
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Fig. 8 — (a) Conditional complementary cumulative distribution functions of Lt for different levels of S,
(losses from the non-collapse and collapse cases are shown for S, = 0.2 g) and (b) loss curve of the building.

4. Conclusions

In the paper, a seismic loss estimation methodology is briefly presented. It makes it possible to simulate losses
directly from the restoration measures, which guarantees that the total loss is not overestimated due to
duplication of restoration measures or consideration of generic restoration measures that are not actually
required. Moreover, the methodology considers interactions between damage states and restoration measures,
which enables incorporating, respectively, interdependencies between the damage states and between the
restoration measures. Furthermore, the correlation between the seismic response analysis and damage analysis
is simulated directly, which is achieved by performing damage history analysis as a part of the mechanistic
simulation.

The proposed methodology can be used for improving insight into loss estimation. It is especially
recommended in cases when a detailed mechanistic model of the building is available. However, the
methodology can also serve as a basis for justifying simplifications in the development of practice-oriented
loss estimation procedures. Moreover, by introducing restoration analysis into the methodology, it represents
a step towards the improvement of the resilience estimation, which is significantly affected by the restoration
process.

The main focus of the paper was to demonstrate the loss estimation methodology by estimating the
collapse risk and the economic loss for a warehouse precast building. The mean annual collapse frequency
amounted to 1.8 x 103, while the expected annual loss was equal to 0.26% of the cost of a new building
including the cost of contents. A large part of the expected annual loss (80%) originated from the collapse
cases. This was also reflected in the shape of the loss curve, which showed a pronounced jump in losses at
frequencies close to the frequency of collapse.
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