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ABSTRACT

Seismic risk assessment studies typically rely on fragility functions/curves to characterize the susceptibility of an asset or a class
of assets to damage. These curves are essentially a summarization of responses evaluated on the basis of ground motions with
record characteristics and intensities that may or may not be tied to a specific site and its hazard. As is typical with intermediate
aggregations in a lengthy analysis chain, this operation achieves ease of use by condensing the behavior of each asset into one
or more fragilities, at the cost of losing non-negligible information. Specifically, the within-event correlation in response among
different assets is removed, eliminating the potential to distinguish a benign from an aggressive event. Whereas this may not be
important for assessing damage and loss for a single asset or an ensemble of independent ones, it can become highly influential for
an interconnected system of assets, such as critical energy infrastructure, and for compound (concomitant or cascading) hazards.
Instead, disaggregating the fragility back into individual ground motion records and separately propagating the consequences
to the overall system improves fidelity at the cost of complexity. To investigate the effect of conventional versus disaggregated
fragilities, different simplified system topologies are employed, demonstrating cases where the loss of response correlation can
lead to severe bias in the impact assessment at the system level.

1 | Introduction hazard curves), together with either asset-specific or class-generic

fragilities. In other words, both hazard and fragility/vulnerability

Every time we summarize results in a long chain of analyses,
we gain in simplicity, but we lose in resolution. Whether this
loss is important or can safely be disregarded, is both case-
and application-specific. For the probabilistic calculations and
Monte Carlo simulations that characterize any seismic risk
assessment task, the effect of the summation process on the final
outcome remains to be investigated. Consider, for instance, a
portfolio of spatially distributed assets. The classic approach is
to tackle this portfolio on an asset-by-asset basis and aggregate
the losses, essentially using—the nowadays well established—
probabilistic seismic hazard assessment (PSHA [1]) products (e.g.,

tend to be employed in their aggregated form, that is, in the
form of hazard and fragility/vulnerability curves, respectively. Is
this approach valid, or is it prone to bias? For such questions
in earthquake engineering, the only definitive answer is “it
depends.”

In simple terms and in the context of our discussion, intra-
event (within-event) correlation implies the expected “similarity”
in ground motion, response, and damage that nearby identical
assets will experience when subjected to a given event. This
is in addition to the inter-event (event-to-event) correlation,
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which addresses the fact that events of similar seismological
characteristics will also be expected to generate similar ground
motion, response, and damage in said assets. To a large extent,
inter-event correlation is accounted for by the internal consis-
tency in the seismic source, exposure, and fragility/vulnerability
models, as these do not change from event to event. Intra-
event correlation, though, is typically disregarded in the classic
approach to loss assessment. Therefore, the latter will begin losing
in fidelity in cases that the assets (i) are close enough to be
affected by a single event, (ii) are interconnected and failure of
one can have operational or even physical consequences on the
others, or (iii) are subject to additional cascading (sequential)
or concomitant (simultaneous) hazards. Each of these cases
implies a higher intra-event correlation, either on the input
motion of the seismic event, the existence of additional follow-up
seismic (e.g., aftershocks, tsunamis) and non-seismic events, or
the propagation of the impact. Accounting for the latter requires
a system-level model that can take care of cascading effects and
interconnectivity (e.g., [2]). Furthermore, incorporating intra-
event correlation of either hazard or damage requires some
careful event-specific simulation, even in the “simple” case of a
single seismic event or a cluster thereof [3, 4].

Within-event correlation for earthquakes is typically captured by
employing event-based (or event-by-event) PSHA [5]. In contrast
to the classical approach of Cornell [1], this is a Monte Carlo-
based PSHA that relies on explicitly sampling a stochastic set
of potential seismic events, from a seismic source model, each
accompanied by one or more intensity measure (IM) fields that
describe the event-specific spatial distribution of ground motion
intensity. Follow-up or simultaneous events of seismic or non-
seismic nature can be effectively tracked on this one-to-one basis,
allowing comprehensive evaluation of damage accumulation and
compounded consequences [6, 7]. Still, the norm in seismic
assessments is to pair such event-by-event information with
either class-generic or asset-specific fragilities. Essentially, we
are disaggregating the seismic hazard into discrete events, while
retaining the summarization of fragility/vulnerability functions.
Still, record-to-record variability for a given IM value is non-
negligible (e.g., [8-13]); even for single assets, it can range within
10%-40% or higher in terms of the coefficient of variation,
depending on the structure, the level of response (pre-yield, post-
yield, post-peak, etc.), and the IM itself. Crucially, this part of the
dispersion in structural response pertains to the specific event:
it is fully dependent on the waveform, that is, the shape of
the ground motion record, since any IM dependence has been
removed by the conditioning. One should expect that similar
assets will behave similarly under and same recording at a given
IM level, giving rise to the so-called waveform correlation. This
disappears due to aggregation within a conventional fragility.
How far such within-event correlated responses can influence
the results of a seismic assessment, given such wide fragility
dispersions, remains an open question. Fully answering it for
the general case requires (i) some form of area-wide ground
motion simulation, for example, physics-based simulation (e.g.,
[14]), which can generate correlated waveforms for sites within a
geographical area for each specific event, as well as (ii) tracking
the effect of said waveforms on each asset/system of interest.
Eventually, this becomes a disaggregation of seismic hazard to
discrete events and ground motions, as well as a disaggregation
of conventional fragility/vulnerability curves, even to the extent

of removing the usefulness of the latter, as now structural analysis
is required on an IM, record, and asset basis. Therefore, the
resulting computational cost is indeed excessive, to the extent of
infeasibility.

Still, there does exist a useful subset of seismic risk analyses
where (i) event-by-event hazard analysis is not required and
(ii) a physics-based simulation is not necessary; instead, near-
perfect correlation of ground motion may need to be assumed
to achieve fidelity. This is the typical case of collocated assets
within an integrated facility of a relatively small footprint, such
as a chemical plant, refinery, power plant, or similar (e.g., [15-
18]). Then, for any event, the same IM level and the same ground
motion, that is, a nearly identical waveform, is experienced by all
assets of said facility. Depending on the degree of uniformity of
soil conditions across the site, this similarity of IM and waveform
may either hold at the soil surface or at the bedrock alone, in
the latter case requiring at least some form of ground motion
propagation to account for differing soil effects.

Given the prolific nature and importance of such cases, it
becomes useful to offer a per-record approach that accounts for
IM and waveform correlation by calculating event-specific, or
rather seismic-record-specific, results. This is in contrast to the
classic correlation-agnostic approach of the hazard curve and
conventional seismic fragilities, which do not account for the
correlation of asset structural responses within any given event.
The straightforward way to retain the damage-to-ground-motion
correlation in an interconnected system of multiple collocated
assets (e.g., see [19-21]) is to avoid using fragilities altogether;
instead, one can directly employ the results produced by each
individual ground motion, evaluate the performance/integrity of
the facility, and only then aggregate the results at the system level,
that is, without taking any shortcut of intermediate aggregation
across the different seismic records and assets considered.

Of course, considering correlation in damage to assets or compo-
nents of a system in deriving the system probability of failure is
certainly not new. For example, in the nuclear industry, it is the
norm to account for common cause failures in power plant com-
ponents and incorporate them in the overall probabilistic safety
assessment [22, 23]. There are efficient algorithms in reliability
theory, such as matrix-based approaches [24, 25], to incorporate
asset correlations and propagate them to the system level. Still,
these general approaches mostly cater to the efficient assessment
of failure probabilities for complex systems. Instead, our focus is
on quantifying and probabilistically characterizing the complex
set of consequences at the system level, among others, allowing a
direct consideration of cascading effects, direct/indirect monetary
losses, socioeconomic impact, or business continuity, with full
capabilities to slice and dice the results as one wishes [21].

To evaluate the difference between the two approaches, and thus
the (suspected) bias of the conventional fragility approach in
comparison to the more detailed per-record approach, different
virtual systems/facilities are examined for both cases. Using 3D
single-mass stick models of varying periods to represent different
asset classes, three types of system topologies are examined: (i)
single-class k-out-of-n systems [26], that is, one asset class with
n multiple identical members where at least k assets need to
be functional to avoid failure, (ii) multi-class k-out-of-n systems,
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where the assets now come from multiple classes, and (iii) multi-
class complex systems, where system-level failure is defined by a
non-trivial fault tree [27-29]. For simplicity, assets belonging to a
given class are assumed to be identical. This is characteristic of
many facilities where multiple copies of a single asset type (e.g.,
a liquid storage tank, heat exchanger, pump, etc.) are present,
although said “identical” assets may somewhat differ due to
maintenance, content, quality of construction, etc.

For all assets, Incremental Dynamic Analysis (IDA [30]), is
employed, using a set of hazard-consistent ground motion records
(e.g., [31, 32]). Naturally, alternative methods, such as multi-
stripe analysis [33] or cloud analysis [34, 35], can be similarly
employed to the same effect. Apart from the personal preferences
of one of the authors, we are making this choice for visual and
comparative convenience, as it allows us to keep operating in
terms of fragilities albeit on a record-by-record basis. Specifically,
fragilities are calculated for each asset (or asset class) via two
methods: (a) taking into account all ground motions per the
conventional or overall fragility approach; (b) by calculating
ground-motion-specific fragilities, according to the so-called per-
record fragility approach (see [21]). In lieu of an actual impact
assessment (e.g., in terms of direct/indirect losses), facility-level
fragilities are calculated employing as a limiting threshold either
a percentage of damaged assets (for k-out-of-n systems), or the
event of reaching a critical facility-level state (for systems with
a fault tree). Overall, and within the limits of our assumptions,
we expect the results to offer a useful test of whether, in
what cases, and to what extent the consideration of ground
motion waveform correlation (i.e., correlation of within-event
characteristics beyond the IM value) can offer useful information
for accurate seismic risk assessment.

2 | Alternative Fragility Approaches
2.1 | Fragility Definition

A high-level seismic performance study involves conducting
multiple nonlinear response-history analyses under a suite of
ground motion records. These analyses produce results that relate
IMs, such as peak ground acceleration or spectral acceleration,
to engineering demand parameters (EDP), such as drifts or
forces. To exploit these IM-EDP datasets, so-called analytical
fragility curves are typically employed to aggregate the calculated
responses, linking the probability of exceeding a limit state (LS) to
given IM values. The process of deriving these fragility curves is
well-documented in the literature (e.g., [11, 36-39]). Their formal
definition is:

F,s(IM) = P[LS violated|IM] = P[D > Cis|IM] (1)

where F;¢ is the cumulative distribution function (CDF) of its
argument, D is the EDP demand and C;g is the EDP capacity
threshold paired to a specific LS. When the EDP capacity thresh-
old is exceeded, the corresponding LS is violated and the structure
transitions into a higher damage state (DS). Adopting the typical
lognormality assumption [40], fragility may be expressed as:

@

InIM —InIM,¢
p[D>CLS|IM]=¢<u>

Brs

where IM;gs, is the median (50%) IM required to exceed LS,
and ;¢ is the lognormal dispersion. The latter may comprise
only record-to-record variability, in IDA context estimated as
the standard deviation of the natural logarithm of the set of
IM values (one per ground motion employed) that results in
LS violation. Further sources of uncertainty, for example, EDP
capacity variability, may also be included. In our case, uncertainty
in the capacity C,g is considered and folded into ;¢ via a simple
Monte Carlo simulation, that is, by sampling multiple capacity
values (following a lognormal distribution) when examining the
exceedance of a DS, to properly capture this source of variability.

As a methodological remark, the “empirical CDF” fragility
curves, that is, those derived by directly calculating the prob-
ability of LS exceedance at each IM level without applying
any distribution model fitting, are employed hereinafter to
ensure high fidelity in the results. They should not be confused
with empirical fragilities, derived from observational data of
actual earthquakes [41]. The fitted corresponding lognormal
parameters, as per Equation (2), are only used for summarizing
information in tables.

2.2 | Overall Versus Per-Record Fragilities

Fragility curves, as described in Section 2.1, group together the
structural responses from all ground motion records considered.
These are the conventional fragilities used in risk assessment
studies and will hereafter be referred to as overall fragilities. The
overall fragility approach is based on an aggregation scheme that
inherently incorporates the aleatory uncertainty associated with
the ground motion record-to-record variability. The critical point
here is that the overall approach masks the distinct impact of
individual ground motion characteristics (e.g., spectral content
and pulse sequence) on a single structure, a portfolio of struc-
tures, or interconnected systems. In other words, it disconnects
fragility estimates from the actual influence of the individual
ground motion characteristics.

An alternative approach for evaluating the seismic performance
of a structure in the framework of IDA relies on fragilities derived
strictly from individual ground motion records, by examining the
exceedance of the aforementioned EDP threshold, only account-
ing for the record at hand. Record-specific fragilities have already
appeared in the literature, in the context of risk assessment for
single assets (e.g., [9-11]). Still, they were only shown as an inter-
mediate step to be eventually aggregated into overall fragilities
and employed in a conventional manner. Contrarily, the per-
record fragility concept espoused herein does not involve any such
aggregation; instead, it retains the record-specific information
throughout the seismic risk assessment path, preserving the effect
of individual ground motion characteristics on asset response.
Consequently, for a given asset, a set of fragilities (rather than
a single one) can be produced per DS considered. Evidently, the
number of fragility curves per DS equals the number of ground
motion records that are employed in the analysis process. This
set of fragilities characterizes each asset and will be referred to
as per-record fragilities. A notable characteristic of the per-record
fragility approach is that record-to-record variability is encoded in
the set of record-specific fragilities, rather than any single one of
them. In other words, the only dispersion appearing in individual
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per-record fragilities is associated to other uncertainty sources
(e.g., uncertainty in C;g, model type, or model parameters) and
can be incorporated, for example, via Monte Carlo simulation
(e.g., [42]). For simplicity, only C, ¢ threshold-capacity variability
will be considered as such an uncertainty source from this point
onward. The following sections are devoted to further elucidating
the aforementioned concepts and assessment workflow, complete
with illustrative examples.

As a final remark, one can employ analysis approaches other
than IDA to incorporate record-specific information. A prime
example is multi-stripe analysis [33], whereby different ground
motion records may be employed at different IM levels. Then,
one cannot discuss record-specific fragilities, but instead should
retain the results of each individual ground motion at each IM
level. In the end, this is only a different bookkeeping exercise
that can be naturally applied with multi-stripe results. On the
other hand, the same cannot be claimed for cloud analysis [34,
35], at least not in its conventional form of modeling the IM-EDP
relationship via a simple power law regression model [34].
An appropriate correlation model across all assets analyzed is
necessary to ensure that the record-to-record linking is retained
within the overall surrogate model that replaces individual
record results in cloud analysis.

3 | Generic Assets and Fragilities

The two alternative approaches presented in Section 2 are
comparatively studied using a set of simplified generic assets.
These are modeled as single-mass linear oscillators with iden-
tical properties in the two principal axes, varying fundamental
eigenperiods, and a damping ratio of 5%. Such simplified models
are adopted for computational expediency, but also to offer a
more transparent comparison of the results in fragility terms by
expelling complexities that are often induced by actual structures,
such as nonlinear behavior, plan and elevation irregularities, and
higher mode effects. Ten structural typologies (or classes) of iden-
tical assets are employed, numbered I to X, reflecting ten different
eigenperiods from 0.1 to 1.0 s with an increment of 0.1 s (Table 1).

The generic assets are located in a highly seismic region close
to Athens, Greece. A set of 30 hazard-consistent ground motion
records, each with two horizontal components of motion, is
selected from the NGA-West2 database [43] using the conditional
spectrum (CS) approach [31, 32] at a hazard level of 2% probability
of exceedance in 50 years (see [18]). The selected ground motion
records are natural non-pulse-like non-long-duration motions,
and all analyses were performed by considering the horizontal
excitation in both orthogonal directions. The records are num-
bered as R1 through R30. Full information about the selected set
of ground motions is offered in an open-access repository [44].
The average spectral acceleration AvgSa(0.1 — 1.0s) is employed
as the IM with a range of eigenperiods that encompass all the
assets. AvgSa is calculated on the basis of the geometric mean of
the two horizontal components of the employed ground motion
records.

Note that we have avoided using simpler IMs, such as a spectral
acceleration at a given period. Such a choice would not have
played well with the use of elastic models for our study, as

TABLE 1 | Assetclass properties and lognormal fragility parameters,
estimated for IM = AvgSa.

Median LS Fragility

Asset Eigenperiod threshold parameters

Classes T (s) Crsso IMys0 (8)  Bus
1 0.10 0.001 138 0.58
1I 0.20 0.005 1.27 0.54
111 0.30 0.010 115 0.45
v 0.40 0.010 0.74 0.45
\Y% 0.50 0.010 0.56 0.37
VI 0.60 0.020 0.88 0.32
VII 0.70 0.020 0.80 0.33
VIII 0.80 0.020 0.68 0.38
IX 0.90 0.030 0.90 0.40
X 1.00 0.030 0.83 0.43

it would zero out the record-to-record variability for elastic
oscillators of matching periods, reduce it for nearby ones, and
burden farther ones with considerably high dispersion. This could
potentially bias our results. Instead, using AvgSa allows us to
offer a moderately efficient IM for all elastic systems, without
favoring any single one. In other words, via the adopted setup,
all employed asset overall fragilities contain a healthy com-
bination of record-to-record and capacity-threshold variability.
Extensive studies employing more realistic nonlinear multi-
degree-of-freedom models have reached similar conclusions [21],
validating our approach.

A single damage state (DS) is defined for each generic asset,
resulting in a binary structural condition, namely, either “no
damage” (DS0) or “failure” (DS1). The asset’s maximum drift is
adopted as the EDP, calculated via the maximum value of the
square root of the sum of squares (SRSS) combination of the
horizontal responses (in each timestep). Since drift and displace-
ment response strongly depend upon the flexibility (or period)
of the structure, different period-dependent capacity thresholds,
C,s, are assigned to each asset class. They are assumed to follow
a lognormal distribution, with a 0.20 dispersion and a median
value shown in Table 1. These medians are chosen to achieve
roughly-similar-but-not-same probabilities of failure among the
classes, largely ruling out a disproportionally strong influence
from any single class. Instead, if a uniform median threshold
was applied across all asset classes, short-period (stiff) structures
would appear significantly less vulnerable, and the longest-period
(flexible) ones would probably dominate the system performance,
at least when considering drift values for defining fragility.

The overall empirical CDF fragilities are illustrated in Figure 1,
and the corresponding lognormally fitted parameters (via the
maximum likelihood estimation method, see [37]) are listed in
Table 1. As mentioned earlier, the fitting is only performed
for summarizing the fragilities in the table. All depictions and
numerical usage of said fragilities employ the (superior) empirical
CDF form. Note that one might expect the empirical CDF fragility
of 30 records to look exactly like a staircase of 30 uneven steps.
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FIGURE 1 | Asset classes’ overall fragilities in their empirical CDF
form.

This would indeed have been the case if there were no other
sources of uncertainty. It is the consideration of the added
uncertainty in C;g that provides the smoothing effect seen in
Figure 1. It may also be noted that despite the differing drift
thresholds adopted, shorter period assets (I-11I) are generally less
vulnerable with median IM values of 1.2-1.4 g compared to the
0.7-0.9 g of moderate-period ones (VIII-X). The most vulnerable
class is V at a period of T = 0.5 s, having IM;s5, = 0.56 g.
Again, the target is not to have uniform fragility, only nearby
levels thereof, mimicking actual portfolios. Finally, as mentioned
earlier, despite using linear oscillators, the fragility dispersions
are not unlike those of nonlinear systems, ranging between 0.32
and 0.58, of which the capacity threshold only contributes 0.2.

For comparison, the per-record fragilities for Classes III and VI
are shown in Figure 2. Clearly, they provide a richer picture vis-
a-vis the overall ones, demonstrating that single ground motions
yield very different damage distributions. For instance, record R5
causes higher failure probabilities for asset Class III compared to
R23, while for Class VI, R23 is more aggressive. This variability
illustrates that per-record fragilities preserve the connection
between specific ground motions and resulting damages, offering
a more realistic depiction of their impact compared to overall
fragilities.

4 | System-Level Calculation Workflow

To evaluate how effectively the two approaches can manage sys-
tems of assets, different combinations of the generic asset classes
shown in Table 1 are employed, for a total of m > 1 assets in each
case. For the purposes of our investigation, and in lieu of more
complex impact metrics such as monetary losses, downtime, etc.,
the susceptibility of the system to earthquake-induced damage is
assessed solely via a system-level fragility curve, indicating the
probability of its failure given a specific IM level (IML). This
probability curve is calculated via Monte Carlo Simulation. The
calculation steps are presented as a Pseudo-algorithm in Figure 3.

For the overall fragility case, N realizations of the asset state are
generated for each IML and asset by employing the corresponding
fragility of Figure 1. Specifically, for every realization, a single
DS is sampled per asset, depending on the corresponding failure
probability (or probability of reaching a DS) of said asset given the
IML. Hence, each asset is categorized as either undamaged (DS0)
or failed (DS1). The calculation process is repeated for the entire

range of the considered IMLs. The same calculation procedure
is applied in the case of the per-record fragility approach. The
distinction lies in the sampling process: instead of drawing
realizations from a single overall fragility function, sampling is
carried out separately for each individual ground-motion record
fragility. The resulting outcomes are then combined to derive
the system fragility. To ensure a fair comparison with the overall
fragility approach, the total number of realizations is kept consis-
tent. Specifically, if N denotes the total number of realizations,
each per-record fragility is assigned N /r realizations (where r
is the number of ground-motion records), so that the aggregate
number of realizations across all records remains equal to N.

Overall, the algorithm produces N realizations of the assets at
each IML. In the overall fragility case, these realizations are
record-agnostic, grouped together as they are randomly ordered
by the Monte Carlo sampling, lacking any connection beyond
corresponding to the same IML. For the per-record case, only
asset realizations belonging to the same ground motion are
considered together, by virtue of characterizing the same event.
The occurrence of asset-specific failures is examined in each of
the N realizations to check if the system-level failure criterion is
met. This depends on the system-specific failure criteria defined
in each case as discussed in the following Section 5.

5 | System Case Studies

Interconnected systems may be spread over a wide area, for
example, power transmission networks [45, 46], transportation
networks [24, 47], gas distribution networks [48], or water supply
systems [49]. Therein, due to the spatial variability in ground
motion, an event-based rather than record-based disaggregation
is more prudent. Other cases, though, are more geographically
constrained and better fit within the per-record concept. Repre-
sentative examples of such systems are nuclear power plants [50,
51], refineries [16, 19, 21] ports [52], and airports [53, 54]. Such are
the case studies that will be targeted. To assess the differences
between overall and per-record fragility approaches, the defined
generic asset classes of Table 1 are used to evaluate alternative
system topologies resembling realistic (but not real) cases. Said
topologies differ in terms of the number and classes of assets
involved, as well as the type of interconnection among them. The
latter is effectively characterized by the adopted system failure
criterion. Specifically, three system topologies are investigated.

The first topology involves systems of practically “identical”
assets. These share the same structural characteristics and may
be connected in series, in parallel, or partially-in-parallel [29].
Indicative actual cases of such systems are, for instance: small-
scale tank farms comprising copies of the same liquid-storage-
tank design, sign-supporting structures along a small segment
of a highway, or telecommunication towers of a local cellular
network. Despite being identical in design, such assets may
still have differences, for example, due to aging, maintenance,
operational modifications, or especially the filling level for liquid
storage tanks [55, 56]. They are examined in Section 5.1 by
considering a single asset class with a varying number of assets.

The second category includes more complex systems comprising
diverse groups of “within-group-identical” assets. In other words,
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FIGURE 2 | Overall fragility disaggregation to per-record fragilities for asset Classes III and VI. Indicatively, the fragilities obtained for specific
records R5 and R23 [44] are highlighted with dash-dot (magenta) and dashed (blue) lines, respectively, against the solid (black) overall fragilities.

these are systems that contain structures of diverse charac-
teristics, but often each type comes in multiple copies. They
may also be connected in series, in parallel, or partially-in-
parallel. Indicative real cases of such systems are for instance:
tank farms involving different types of tanks (e.g., [21]), airports
(control tower, terminals, hangars, fuel storage facility, auxiliary
buildings, etc. [54]), and ports (docks, cranes, warehouses, etc.
[52, 57]). This category is examined in Section 5.2 by considering
systems with multiple asset classes with a varying number of
assets per class.

Finally, critical systems with strongly interconnected assets are
often associated with fault trees [27-29, 51, 58]. These systems
involve components that are functionally dependent on one
another, with those deemed critical having multiple redundan-
cies. Thus, there are distinct failure paths that can lead to
overall system disruption, where cascading events and common-
cause failures become important considerations [59]. Typical
examples are chemical processing plants [60], for example, crude-
oil refineries and their distinct units [18-20], and nuclear power
plants [61]. This category is examined in Section 5.3 by investigat-
ing simple fault trees to evaluate the performance of the system.

5.1 | Single-Class k-out-of-n Systems

The first category comprises systems where all assets come from
the same class, essentially having the same structural properties
and characterized by the same response under any given ground
motion. Their only potential difference lies in the limit-state
capacities/thresholds, which are taken herein as uncorrelated
among the different systems. Thus, even within the per-record
approach, there exists some variability in the damage of indi-
vidual assets under the same ground motion due to capacity
variability. Indicatively, only Class III assets are considered in the
following format:

* a “system” comprising a single asset (1-asset system), as a
benchmark;

* asystem with three identical assets (3-asset system);
 asystem with five identical assets (5-asset system);

* asystem with ten identical assets (10-asset system).

Three system topologies are considered, namely: (i) a series sys-
tem, where the system fails if at least one asset fails; (ii) a parallel
system, where system failure is signaled by the simultaneous
failure of all assets; and (iii) a partially-parallel system, where
failure of a percentage of assets dooms the system. In reliability
theory, all such topologies are collectively known as k-out-of-n
systems, where k assets out of n total need to be functional to
avoid system failure. Thus, k = n corresponds to a classic series
system, k = 1 is the parallel one, while cases of 1 < k < n are
partially parallel/redundant ones. Note that such a system may be
described in two equivalent ways: (i) the survival condition of “k-
out-of-n survive”, from where the naming convention is derived;
(ii) the failure condition of “(n—k+1)-out-of-n fail”. We will use
the later version henceforth to characterize results, as it feels more
natural.

System failure is examined by deriving the system-level curve
(Section 4) using both the overall and the per-record fragility
approaches. The results are illustrated for the series and parallel
systems in Figure 4, indicating that the difference between
the overall and per-record fragility approaches becomes more
significant as the number of assets increases. The overall fragility
approach tends to overestimate the failure probability for a series
system, while it underestimates the failure probability for a
parallel system. In other words, for such simple systems of two
or more assets, the conventional approach is always biased.

To shed more light on the differences observed in Figure 4, the
calculation of the system-level failure probability is presented
for AvgSa = 1.0 g for both approaches in a simpler format. At
first, the failure probabilities of a single asset belonging to Class
III are derived for each ground motion using the per-record
fragilities; these are listed in Table 2. Averaging the per-record
probabilities (as the records are considered equiprobable) results
in the failure probability of the single asset as obtained from
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Pseudo-Algorithm: System-Level Fragility Assessment
# Input:

Intensity Measure Levels: /ML

Number of Monte Carlo simulations: N

Number of assets in system: m

System failure criterion

# System evaluation:
For the /ML selected:
If the Overall Fragility Approach is employed:
Load the overall fragilities for each asset according to their asset class.
For i =1 to N realizations:
E For j = 1 to m assets:
: : Sample a Damage State (DS) based on the asset's fragility curve at
current /ML
; : Assign state: Failed (DS1) or Undamaged (DS0)

End
Evaluate the system-level failure based on asset states and the system-
specific failure criterion.

End
End

If the Per-Record Fragility Approach is employed:

Load the r per-record fragilities calculated separately for each ground motion
record, for each asset according to their asset class.

For k=1 to » ground motion records:

For i =1 to N/ r realizations:

' For j =1 to m assets:

! Sample a Damage State (DS) based on the asset's
fragility curve at current /ML

: Assign state: Failed (DS1) or Undamaged (DS0)
End

Evaluate the system-level failure based on asset states and the
system-specific failure criterion.

End

End

End

For each IML, compute the fraction of simulations in which the system failed.
This gives the system-level fragility value at that /ML

End

# Output:
System-level probability of failure per /ML, as system-fragility curve, for the approach selected
(overall or per-record)

FIGURE 3 | Pseudo-algorithm for calculating the system-level fragility, indicating the probability of failure of the system for all IMLs. The
calculations can be performed for both the overall and per-record approach.

the overall fragility curve, that is, 38.7% (Figure 4). Rather than * Parallel system:
employing the (potentially obscure) Monte Carlo to derive the
system-level failure probability, for the series and parallel system
of (uncorrelated), assets this can be analytically computed for a

given IM level as follows (e.g., [29]): Pryy = HP (asset i fails) = p" )

i=1

* Series system:
where n is the number of identical assets and p is the
P, =1 — P (no asset fails) probability of failure of each individual asset. For the example
at hand, if employing the overall fragility, p = 38.7%, while if
going the per-record way, p = 99% for record R1, p = 1% for

=1- P (asset i does not fail) =1 — (1 — p)" 3
H ( ) 1=p) ®) record R2, and so on and so forth.

i=1
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FIGURE 4 | System-level probability of failure curves, by employing the overall and per-record approach, considering systems with varying numbers

of identical Class III assets: (a) series system and (b) redundant system.

TABLE 2 | Asset Class III: Per-record probabilities of single asset
failure for AvgSa = 1.0 g. Averaging the per-record probabilities yields
the probability obtained from the overall fragility.

Record Per-record Record Per-record
ID [44] Probabilities ID [44] Probabilities
R1 0.99 R16 0.00

R2 0.01 R17 0.53

R3 0.00 R18 0.01

R4 1.00 R19 0.98

R5 0.96 R20 0.99

R6 0.77 R21 0.02

R7 0.16 R22 0.94

R8 0.04 R23 0.00

R9 0.00 R24 0.45
R10 0.47 R25 0.19
R11 0.79 R26 0.02
R12 0.00 R27 0.00
R13 0.16 R28 0.88
R14 0.00 R29 0.81
R15 0.44 R30 0.00
Average probability 0.387

Continuing with the overall fragility, for a 3-asset series system,
Equation (3) yields a system-level probability of failure is equal
to 77.0%. Accordingly, for the 5-asset series system, this increases
to 91.3% due to the inclusion of more assets. Contrarily, in a
parallel system, applying Equation (4) yields probabilities of 5.8%
for the 3-asset system and 0.9% for the 5-asset system. As expected,
failure of the parallel system is much rarer, and its probability is
further lowered by the inclusion of more assets. Still, the usage
of Equations (3) and (4) assumes no correlation, which we know

to be unrealistic for collocated assets. The per-record approach
solves exactly this aspect.

For the per-record approach, Equations (3) and (4) are applied
to each ground motion individually, and the results are then
averaged across all records, as shown in Table 3. Now, benign
and aggressive records make their presence evident across all
assets; for the series system, the failure probabilities drop to 49.8%
for the 3-asset system and 53.7% for the 5-asset system, much
lower than the 77.0% and 91.3% estimates, respectively, of the
overall fragility. Contrarily, the parallel systems receive higher
failure probabilities at 27.3% and 23.0%, compared to the overall
approach results of 5.8% and 0.9%, respectively. By showcasing the
calculations step-by-step it becomes clear that these discrepancies
only arise from the stage where record-aggregation occurs. When
it is performed at an early stage, that is, before examining the
effect of each record regarding the entire system, bias is inevitable,
at least for such simple systems.

Partially parallel systems can be considered as intermediate cases,
between series and parallel ones, and their behavior mirrors this.
Indicatively, results are only shown for the 10-asset system under
three failure conditions: (i) failure of at least 3-out-of-10 assets,
(ii) failure of at least 5-out-of-10 assets, and (iii) failure of at least
7-out-of-10 assets simultaneously. The obtained system failure
curves are compared in Figure 5. Contrarily to the series and
parallel systems, the per-record fragility is not uniformly higher
or lower vis-a-vis the overall one; instead, the two intersect, with
the intersection point rising in IM as the number of assets needed
to fail increases. In other words, the partially parallel system
shows parallel-like behavior for low IMLs (or low probabilities)
and series-like for high IMLs (or probabilities).

To better understand the results illustrated in Figure 5, let
us dissect the underlying mechanism via a simplified ver-
sion of case (ii) above. Consider a system of 10 identical &
deterministic assets—that is, only record-to-record variability is
considered, disregarding capacity uncertainty—subjected to 10
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FIGURE 5 | Comparison of system failure curves for the system of ten Class III assets by employing the overall and the per-record fragility approach:

Simultaneously failure of at least (a) 3-out-of-10 assets, (b) 5-out-of-10 assets, and (c) 7-out-of-10 assets.

ground motion records, where failure is defined by 5-out-of-
10 assets failing. Let us consider a (relatively low) IML, where
the overall fragility yields a 30% asset failure probability. Then,
using the overall fragility approach, each record would cause the
failure of three assets on average, resulting to a ~0% probability of
system failure. Contrarily, when the per-record fragility approach
isapplied, the 30% overall probability is disaggregated exactly into
three aggressive records, and seven benign ones. Then, the three
aggressive records result in all (identical & deterministic) assets
failing, while the remaining seven records cause no failures. In
this case, the per-record approach yields a 30% system failure
probability vis-a-vis the ~0% outcome for the overall approach.
Proceeding to a higher IML where the overall fragility yields
60% asset failure probability, the overall approach predicts 6 (>5)
failures on average, giving a ~100% system failure probability. On
the other hand, the per-record approach, disaggregates the 60%
asset failure into six aggressive and four benign records. Again,
the aggressive records cause failure of all assets, while the benign
ones damage none. Thus, the per-record failure probability of the
system is 60%, compared against the ~100% result of the overall
approach. In other words, we should always expect this crossing
of fragilities appearing in Figure 5 wherever k-out-of-n systems
(1 < k < n) are considered. Most importantly, for the critical low-
IM region where the more frequent intensities appear, the overall
approach will be universally unconservative.

5.2 | Multi-Class k-out-of-n Systems

This system topology is meant to investigate systems that com-
prise a variety of structural typologies. A k-out-of-n failure
criterion is adopted, considering the percentage of assets that
have failed regardless of the class where they belong. This
characterizes systems that rely on the collective functionality of
their components rather than on the direct dependencies between
them, making the percentage of damaged assets a critical factor
for their performance. Examples of such systems may be port
facilities, where cranes, warehouses, and docking areas operate
independently, but if too many cranes or cargo handling systems
fail, the overall port operations slow down or halt. Similarly,

cellular telecommunication networks depend on a distributed
system of towers, where local failures are tolerable, but if a critical
number of towers are damaged, coverage gaps emerge, leading
to widespread communication disruptions. In all these systems,
the spread of damage across their assets determines whether they
continue to function (even at a reduced capacity) or fail.

The following systems are examined:

+ asystem with 10 asset Classes (I to X) and 1 asset in each class;
+ asystem with 10 asset Classes (I to X) and 3 assets in each class;

+ asystem with 10 asset Classes (I to X) and 5 assets in each class.

These systems utilize all previously defined asset classes (see
Section 3) to capture a wide range of eigenperiods, reflecting
the variability of assets within a typical system. Additionally, the
systems are selected to examine the impact of having groups of
identical assets within an otherwise diverse asset ensemble. The
system-failure criterion is (indicatively) set to 10% or 20% of assets
failing, regardless of class.

System-level curves were obtained for both approaches by
employing the algorithm of Figure 3; they are illustrated in
Figure 6. The key observation is that the results resemble those
of single-class k-out-of-n systems, but with significantly lower
differences. Having different asset classes reduces the effect of
record correlation introduced by the per-record approach. Actu-
ally, when a single asset is considered in each class, both fragility
methods yield nearly identical results, as shown in Figure 6a.
However, as the number of “identical” assets in each class
increases, the correlation between the ground motions and the
structural responses becomes more pronounced (Figures 6b,c),
increasing the differences between the two approaches. The
percentage of assets adopted as a system failure criterion does
not seem to matter, at least not at the low percentages (10%-20%)
employed.

Moving on to the investigation of more complex cases, four
additional systems comprising all 10 classes are examined, each

Earthquake Engineering & Structural Dynamics, 2025
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FIGURE 6 | System fragility comparison for multi-class k-out-of-n systems considering 10 asset classes with (a) 1 asset per class, (b) 3 assets per

class, and (c) 5 assets per class.
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FIGURE 7 | Comparison of system failure curves when following the overall or per-record approach considering multi-class systems N1 to N4 of

100 total assets (see Table 4) for 10% and 20% of assets failing.

having a total of 100 assets evenly or unevenly distributed among
the classes (Table 4). In system NI, each class has the same
number of assets, namely 10, while in systems N2 through N4, the
number of assets in each class is uneven and arbitrarily chosen.
The system failure probability curves are presented in Figure 7.
By inspection, it is evident that the differences between the two
employed fragility approaches are more profound compared to

the systems with fewer assets (see Figure 6). This verifies once
more that these differences are affected by the number of assets
in each class and the correlation of failures of identical assets.
Another notable observation (see Figure 7) is that the bias of
the conventional approach compared to the per-record can also
be affected by the distributions of assets (systems N1-N4). As
expected, when more assets come from the less vulnerable Classes
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TABLE 3 | Asset Class III: Per-record and system-level probabilities
of failure for AvgSa = 1.0 g, for the 3-asset and 5-asset series/parallel
systems.

Series system® Parallel system"

Record ID

[44] 3assets 5assets 3assets 5 assets
R1 1.000 1.000 0.970 0.951
R2 0.030 0.049 0.000 0.000
R3 0.000 0.000 0.000 0.000
R4 1.000 1.000 1.000 1.000
R5 1.000 1.000 0.885 0.815
R6 0.988 0.999 0.457 0.271
R7 0.407 0.582 0.004 0.000
R8 0.115 0.185 0.000 0.000
RO 0.000 0.000 0.000 0.000
R10 0.851 0.958 0.104 0.023
R11 0.991 1.000 0.493 0.308
R12 0.000 0.000 0.000 0.000
R13 0.407 0.582 0.004 0.000
R14 0.000 0.000 0.000 0.000
R15 0.824 0.945 0.085 0.016
R16 0.000 0.000 0.000 0.000
R17 0.896 0.977 0.149 0.042
R18 0.030 0.049 0.000 0.000
R19 1.000 1.000 0.941 0.904
R20 1.000 1.000 0.970 0.951
R21 0.059 0.096 0.000 0.000
R22 1.000 1.000 0.831 0.734
R23 0.000 0.000 0.000 0.000
R24 0.834 0.950 0.091 0.018
R25 0.469 0.651 0.007 0.000
R26 0.059 0.096 0.000 0.000
R27 0.000 0.000 0.000 0.000
R28 0.998 1.000 0.681 0.528
R29 0.993 1.000 0.531 0.349
R30 0.000 0.000 0.000 0.000
Average 0.498 0.537 0.273 0.230
probability

2Calculated using Equation (3).
bCalculated using Equation (4).

I-111, as in case N4, fewer overall assets govern the system failure,
thus reducing the bias and vice-versa.

Instead of focusing on specific failure criteria, one could also
evaluate how many assets will fail. This is typical of portfolio
loss assessment, and it reflects the overall loss rather than any
specific disruption metric. Figure 8 presents the percentage of
failed assets in System N1 for each record and two indicative
IMLs, AvgSa = 0.5 g and 0.8 g. The overall approach is obvi-

TABLE 4 | Alternative systems N1-N4 with 10 classes and different
numbers of assets in each class.

Number of assets per class

Asset classes N1 N2 N3 N4
I 10 15 5 15
I 10 10 10 10
III 10 20 5 30
v 10 15 20 5
\% 10 15 8 3
VI 10 10 20 2
VII 10 2 15 15
VIII 10 3 2 5
X 10 5 10 10
X 10 5 5 5
Total number 100 100 100 100
of assets

ously record-independent, providing an average failure estimate
(shown as a flat line) around which the per-record results vary. Per
the results of Figure 8, for AvgSa = 0.5 g we can count 16 records
with >10% failures, while the overall fragility yields slightly
above 10% assets failing, obviously regardless of the record.
Consequently, at AvgSa = 0.5 g (Figure 8) system N1 displays a
~16/30 ~ 53% failure probability or the per-record compared to
100% for the overall. Still, if one takes the average number of
failed assets across all records, the same percentage of ~10% is
derived. In other words, when comparing the two approaches,
the metric employed matters. When checking ensemble averages,
the difference between the per-record and overall approaches
practically disappears. This is confirmed by Figure 9, showing
failure percentages across multiple IMLs. The overall and per-
record approaches yield identical results, despite the deviations
observed in individual record curves, indicatively shown for
R5 and R23. This is good news for portfolio or regional loss
assessment studies, where one is interested in metrics such as
average annual loss, rather than the failure of a few critical assets.
Both methods are effectively interchangeable in this context.

5.3 | Multi-Class Fault-Tree Systems

Fault tree systems and their analysis are standard practice in
critical facilities, such as nuclear power plants, where system
failure is determined by specific combinations of individual
component failures (e.g., [27, 28, 51, 58]). Similar to Section 5.2,
fault tree systems are multi-class, typically involving multiple
components of different characteristics, but also redundant
identical components. Interconnectivity usually appears in the
form of having different components connected in series due to
functionality (e.g., piping, pump, and its control panel), and then
said series appearing in multiple redundant copies functioning
in parallel to achieve enhanced levels of reliability. Two generic
fault trees are defined herein (see Figure 10) to explore the effect
of waveform correlation. Both systems have four different asset
Classes (A, B, C, D), and employ OR/AND gates, with different

Earthquake Engineering & Structural Dynamics, 2025

11 of 16

95UD17 SUOWIWIOD aAIERID) 3|cealjdde ay) Aq peusenob afe sopie YO ‘esn Jo sl 1o Afeiqiauluo 3|1 UO (SUONIPUOD-PpUe-SWLB)/LI0D A8 1M Akelq 1jpuluo//sdny) SUORIpUOD pue swi 1 8u1 88s *[20z/2T/ze] uo Arigiauliu A8|iM elfeleuelypo) Ag 80T0Z 9b8/z00T 0T/I0p/Wod Ao im Aleidjpul|uoy/sdiy Wolj pepeojumod ‘0 ‘S¥86960T



AvgSa = 0.50g — Overall - ©--AvgSa = 0.50g — Per-record
AvgSa =0.80g — Overall - ©--AvgSa = 0.80g — Per-record

0.8
o -7 7 Nisystem
& 0.7 - . .
sSo L (IR _
g é} 0.6 _Q Q /I \Q o- ©,
SE o5 o P 2N e a8 S SEASEE
Q «» A Q D S._ 7 hd -0-¢g SN
% § 0.4 ) ‘o\ K v © v o (5] ) 3
22 o0E A 5 ]
4 b 0~2(’,°~e' \b -9, KIS s 7
< 0.1 5 * NS/ TS 95 0 -6 o Ao
00 | | | | \A\, | | | ?‘ @ | | | 0’ | e\ | | ? | | | ?’ | ‘D’ | | V
MY XD LA DIIIDIONDNL PO DA AR AR A AP D D
Record number Ri
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FIGURE 9 | NI system: Percentage of assets failed assessed using (i) the overall fragility approach results, (ii) the per-record approach, (iii) the

ground-motion-specific R5 results, and (iv) the ground-motion-specific R23 results.

combinations in terms of which components must fail to reach
system failure:

* Fault Tree #1 (FT1) represents a redundant system of series
subsystems. Specifically, there are three series subsystems,
each comprising four different components (A, B, C, and D).
The failure of a single component in each subsystem signals its

failure. System failure requires the simultaneous failure of all
three subsystems due to the triple redundancy. Equivalently,
this translates to the failure of at least one component in
each of the three subsystems. An example of such a topology
is the top two levels of the loss-of-cooling-capacity fault
tree for the triple-redundant diesel-generator subsystems of
a nuclear power plant: All three generator subsystems need
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FIGURE 10 | Fault trees considered in the investigation.
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TABLE 5 | Definition of multi-class fault tree systems S1-S4 in terms of fault tree topology (per Figure 10) and asset class considered for each

component type (per Table 1).

Systems Fault tree Component A Component B Component C Component D
S1 FT1 Asset Class III Asset Class V Asset Class VII Asset Class VIII
S2 FT1 Asset Class I Asset Class IT Asset Class IV Asset Class VI
S3 FT2 Same as S1

S4 FT2 Same as S2

to fail to cause this emergency backup system to fail (e.g.,
see [62]).

* Fault Tree #2 (FT2) represents a series system of redundant
subsystems. There are four such subsystems, each one com-
prising three identical components in parallel. Due to the
triple redundancy within the subsystem, its failure is signaled
by the simultaneous failure of all its components. System
failure is triggered by the failure of at least one subsystem. A
characteristic example of such a topology appears in process
units of crude-oil refineries, where multiple pumps and heat
exchangers are often present. The different equipment types
operate in series, but there are at least two copies of each
(master/spare) that function in parallel. This is for reasons
of both periodic maintenance needs and operational safety
to ensure that the process is not interrupted if a single piece
of equipment is out of order; still, both component types are
required to ensure continuous operation.

Based on the aforementioned fault tree topologies and consid-
ering alternative class make-ups of the underlying components,
four systems are defined; they are denoted as S1 through S4, and
their full details appear in Table 5. Clearly, the weaker component
is B (Class V with IM; ¢, = 0.56 g) for S1/3 and C (Class IV with
IM g5, = 0.74 g) for S2/4. We can expect that these will have a
non-negligible role in the overall system performance.

The system-failure curves are calculated using both the overall
and per-record fragility approaches by employing the calculation
process of Section 4. The results are presented in Figure 11. The
conventional approach (overall fragility) underestimates failure

probabilities at all IM levels, producing unconservative failure
estimates. This is a direct consequence of having near-identical
components involved in all redundancies. Systems S1/3 following
FT1 topology will fail if all (weaker) components B fail at the same
time; each subsystem contains at least one component B, which
can single-handedly terminate its operation. This occurrence of
simultaneous component B failures is smoothed over multiple
records in the overall case, but appears more frequently for
the per-record one due to accounting for waveform correlation.
Similarly, the failure of all components C in systems S2/4
following FT2 topology will cause one of the series subsystems
to stop operating, leading to system failure. The same thing can
happen for any single type of components, exacerbating this
trend.

While the considered examples are indicative, they clearly
showcase that the inconsistencies observed between the two
fragility approaches can lead to non-conservative system damage
estimates, especially when complex systems are examined with
combinations of series/redundant subsystems comprising multi-
ple identical, similar, or essentially different components. Thus,
the damage-to-ground-motion correlation remains relevant for
such systems; ignoring it can lead to results of low fidelity for the
system safety.

6 | Conclusions
Two alternative approaches for undertaking a seismic failure

assessment in different kinds of interconnected systems have
been examined to investigate their effect on seismic damage

Earthquake Engineering & Structural Dynamics, 2025
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FIGURE 11 | Comparison of system failure curves by following the overall and per-record fragility approaches for systems S1-S4 (Table 5).

estimates. The focus is on a critical interconnected system com-
prising a variety of structural typologies. Alternative system types
regarding the level of diversity between the assets’ properties,
the number of assets, the failure checks employed, and the
interconnectivity between assets (series, parallel, k-out-of-n, and
fault tree systems) have been examined to encompass a wide
range of real-world representative examples. The most important
outcomes of the present investigation are summarized below:

* Aggregating individual-record results at the fragility level
(overall or conventional approach) versus tracking them
separately (per-record approach) can potentially yield funda-
mentally different results.

* In cases where the metric of interest is an aggregate one (e.g.,
average loss), such differences are effectively smoothed over.
Thus, the different approached do not indicate a bias in terms
of regional loss assessment case studies.

* On the contrary, when the metric of interest concerns a
critical facility where failure of k-out-of-n components or a
certain combination of components leads to disruption, said
differences are more pronounced.

* In cases where there is stronger damage-to-ground-motion
correlation between assets, for example, due to having mul-
tiple near-identical assets, then the differences are stronger.

* The effect is asymmetric, sometimes generating conservative
and sometimes unconservative bias depending on system
topology, but also on the level of intensity (or probability of
individual asset failure).

It should be noted that, for each system case, ground motion
records were assumed to be applied uniformly to all assets,
implying perfect correlation in both waveform and intensity. This
simplification disregards potential spatial variability in seismic-
ity or local soil conditions, which could alter ground motion
characteristics at different locations. However, in this study, the
assets are assumed to be located in relatively close proximity

(less than one kilometer apart), thus, the above assumption is
deemed reasonable. For assets distributed over larger areas, this
simplification may not hold, as spatial variability could signifi-
cantly affect the results—although the fundamental advantages
and limitations of the two approaches presented are not expected
to change substantially.

In conclusion, the patterns observed in the different investigated
system typologies reveal an underlying issue of the conventional
fragility approach that cannot be ignored, since it is not clear
a priory what is the extent of the induced bias in the system
damage estimates due to the response aggregation. Thus, using
the per-record approach or even in general a disaggregated,
ground motion-specific evaluation of a critical system before
any aggregation of results is performed, ensures that the ground
motion-to-damage correlation patterns are still accounted for,
leading to increased fidelity of the findings. This is especially cru-
cial for risk assessment studies involving critical infrastructure,
which highly rely on system damage estimates for developing
their reactive and proactive seismic plans.
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