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Abstract 

Earthquake-induced ground-motion duration can be an important factor to consider when as-
sessing ground-motion damage potential, as evidenced by recent earthquake events worldwide. 
In current practice, duration is commonly relegated to implicit, qualitative considerations. This 
study introduces a framework to explicitly quantify the influence of duration on building port-
folio direct economic losses. To this end, a simulation-based probabilistic risk modelling frame-
work is developed for different synthetic building portfolios impacted by a case-study seismic 
source. Two building typologies, representative of distinct vulnerability classes in southern Eu-
rope, are considered. A simulation-based probabilistic seismic hazard analysis is performed, 
explicitly simulating duration jointly with spectral-shape-related intensity measures. Sets of 
long and one-to-one spectrally-equivalent short duration ground-motion records are selected 
and then used jointly to perform nonlinear dynamic analysis and derive fragility models for 
each considered building typology. Fragility relationships are derived by using average spec-
tral acceleration as the primary intensity measure and: 1) maximum inter-storey drift ratio as 
a demand parameter, indirectly accounting for ground-motion duration (through the adopted 
nonlinear modelling strategy); 2) maximum inter-storey drift ratio as demand parameter, ex-
plicitly considering duration as an intensity measure together with spectral shape, in a vector-
valued format. For each case, vulnerability models are developed by combining the fragility 
relationships with a building-level damage-to-loss model. The portfolio expected annual losses 
estimated using the described vulnerability models are critically compared and discussed. De-
pending on the location/portfolio, the impact of ground-motion duration can be significant, and 
the proposed approaches allow an analyst to account for it in a practical way. 
 
Keywords: Ground-motion duration; nonlinear dynamic analysis; maximum inter-storey drift 
ratio; building portfolio loss. 
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1 INTRODUCTION 
Earthquake events have been responsible for devastating human, environmental and eco-

nomic losses in modern societies over the years. Portfolio risk assessment represents the first 
step towards developing risk reduction and resilience-enhancing strategies for earthquake-
prone regions. Earthquake risk assessment generally requires three main modelling components: 
a probabilistic seismic hazard model (simulating representative earthquake scenarios in time 
and space and assessing the resulting ground-shaking intensity across a geographical area at 
risk); a comprehensive exposure dataset (containing details on the location and characteristics 
of the assets at risk in the geographic area of concern); and a set of (physical) vulnerability 
models for those exposed assets/asset types (e.g., [1]), quantifying the susceptibility to damage, 
or other forms of loss (e.g., downtime and casualties), of structures and their contents because 
of the hazard impact. This latter component plays a significant role in earthquake risk model-
ling/risk reduction since reducing physical vulnerability leads to a direct decrease in the asso-
ciated seismic risk. Therefore, understanding and quantifying the various earthquake-induced 
ground-motion characteristics driving seismic vulnerability becomes crucial.  

Current seismic design and risk assessment procedures commonly characterise ground mo-
tions in terms of amplitude and frequency-related parameters (e.g., spectral ordinates) without 
explicitly considering ground-motion duration. Large-magnitude events worldwide, often re-
sulting in long-duration ground motions [2] (e.g., the 2010 Maule Chile earthquake, moment 
magnitude, Mw 8.8; the 2011 Tohoku Japan, Mw 9.0) caused billions of dollars in losses, em-
phasising the need to account for ground-motion duration in practical earthquake risk assess-
ment exercises. The importance (and influence) of amplitude and frequency-related parameters 
on ground-motion-induced damage and losses have been comprehensively investigated and 
quantified. However, a consensus has not been reached yet concerning the impact of ground-
motion duration on structural response, building performance, and resulting damage/losses. 

The main difficulty in quantifying the effect of duration on seismic response of structures is 
related to the challenging task of decoupling this specific effect from the impact of other 
ground-motion characteristics. Duration is considered an essential factor in assessing a ground-
motion damage potential, but its significance remains unclear, partly because of the somehow 
contradictory and inconclusive results of some past studies (e.g., [3]). Such conflicting findings 
from prior studies mainly result from the adopted definition of strong-motion duration, the 
structural demand parameters utilised to quantify damage, and the inadequacy of the numerical 
models in capturing the stiffness and strength cyclic and in-cycle deterioration of different 
structural systems. 

Some studies (e.g., [4]) have demonstrated that while duration has no significant effect on 
peak-based demand parameters (e.g., maximum inter-story drift ratio, MIDR), it can have a 
significant effect on cumulative demand parameters (e.g., dissipated hysteretic energy, EH). On 
the other hand, studies that utilised analytical models accounting for stiffness and strength cy-
clic and in-cycle deterioration (e.g., [5]) demonstrated that long-duration ground motions im-
pact cumulative damage and collapse capacities. However, the degree of importance of duration 
effects may vary depending on the structural system under consideration. 

Significant advances on the topic have been recently made due to the increasing availability 
of reliable long-duration ground-motion records and improved deteriorating nonlinear struc-
tural models incorporating the destabilising P-Δ effects (e.g., [2], [6]). These studies focused 
primarily on the influence of ground-motion duration on structural collapse capacity and struc-
tural collapse risk, using novel ground-motion selection procedures to isolate the effects of du-
ration from the response spectral shape by using “spectrally equivalent” long- and short-
duration ground-motion records. This approach assumes a weak correlation between spectral 
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shape (i.e., spectral acceleration ordinates) and duration (i.e., significant duration), which may 
not be a realistic assumption in some cases. 

Literature describing how duration affects structural fragility for different damage states and 
their evaluation is not widely available. In [7], this modelling challenge was tackled using two 
different approaches. In the first approach, the effect of duration was decoupled from the effects 
of amplitude and spectral shape by assembling sets of spectrally equivalent long- and short-
duration ground motions. Those sets of records were employed in comparative incremental dy-
namic analyses to derive fragility and vulnerability models using realistic SDoF deteriorating 
nonlinear models. Formal hypothesis testing was also employed to assess the analyses results’ 
statistical significance quantitatively. The second approach employed the generalised condi-
tional intensity measure (GCIM) method to select hazard-consistent ground motions. Those 
ground motions were used as an input to multiple stripe analyses using realistic MDoF deteri-
orating nonlinear models. The impact of duration was investigated by variance analysis and in 
terms of vector-valued fragility and vulnerability models. 

Most of the existing studies, as noticed, focus on structural response/building performance 
assessment, and very few on building-specific loss assessment (e.g., [8]). To the best of the 
authors’ knowledge, no past studies investigated the effect of ground-motion duration on build-
ing-portfolio direct economic losses. Accurately quantifying the potential impact of ground-
motion duration on portfolios of buildings located in seismically prone regions, as proposed in 
this study, can be of interest to different stakeholders (e.g., property owners, (re)-insurers). 

The study begins with an overview of the simulation-based risk assessment framework em-
ployed in the study. The proposed methodology relies on probabilistic seismic hazard analysis 
(PSHA), incremental dynamic analysis-based [9] fragility derivation (scalar and vector-valued 
models are considered [10]), and simulation-based loss estimation. The approach is applied to 
two synthetic portfolios of the same size, located in the fault-parallel orientation with respect 
to a case-study strike-slip fault. Different structural types are considered for each portfolio, 
including gravity-designed and seismically-designed reinforced concrete (RC) frames. The re-
sults are discussed considering the effects of ground-motion duration on the median loss and 
expected annual loss (EAL) of the considered location/portfolios at different distances from the 
case-study fault. 

2 SIMULATION-BASED SEISMIC LOSS ASSESSMENT 
The implemented simulation-based risk assessment framework [11] is schematically illus-

trated in Figure 1. Sections 2.1 to 2.4 describe the relevant hazard, exposure and vulnerability 
framework components and the associated direct loss estimations within this framework. 

 
Figure 1: Simulation-based risk assessment framework. 
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Event-based PSHA [12] is used to simulate 1) seismicity in the considered region as de-
scribed by a source model; and 2) the resulting ground shaking at the considered set of locations 
by using a ground-motion model (GMM). Specifically, a stochastic event set (i.e., a stochastic 
catalogue) is generated for a given time span, chosen based on the minimum rate of exceedance 
of interest. The number of earthquake occurrences within this period is simulated by sampling 
the probability distribution for the considered source model’s rupture occurrence. The geometry 
(constraining the earthquake rupture location) and the magnitude-frequency distribution (defin-
ing the average annual occurrence rate over a magnitude range) describe the considered source 
models. For each event in the catalogue, the corresponding magnitude is first simulated from 
the magnitude-frequency distribution. Next, following the Joyner-Boore source-to-site distance 
definition, the distance to the rupture for each location of interest is assigned (shallow rupture 
with a dip angle of 90° and strike of 0°). Then, ground-motion intensity measures (IMs) of 
interest are sampled from the probability distributions defined by the GMM, accounting for 
cross-IM correlation. The set of simulated ground-shaking IMs at the various locations forms a 
ground-motion field; various ground-motion fields are generated to capture the aleatory varia-
bility (both inter- and intra-event) in the GMM. 

Given a suite of site-independent ground-motion records with similar spectral shape but dif-
ferent durations, fragility, and vulnerability models (scalar and vector-valued) are derived for 
each considered building type within the considered portfolios. For each location, building type 
and simulated IMs, the loss ratio is calculated using the appropriate vulnerability model ac-
counting indirectly or directly for ground-motion duration. The total portfolio loss is calculated 
by summation over all the building locations in each simulation. 

Loss exceedance curves (mean annual frequency, MAF, of exceedance vs loss ratio/loss 
value) for specific buildings/locations and the entire portfolio can be estimated using the ob-
tained ground-motion fields, leading to lists of events and corresponding loss ratios/loss values. 
The lists are sorted from the highest loss ratio/loss value to the lowest. The rate of exceedance 
of each loss ratio/loss value is computed by dividing the number of exceedances of that loss 
ratio by the length of the event set (eventually multiplied by the number of stochastic event sets, 
if more than one set are generated). By assuming a Poisson distribution of the occurrence model, 
the probability of exceedance of each loss ratio/loss value can also be estimated. The portfolio 
EAL can be calculated by averaging over all the simulations and events. 

2.1 Hazard 
A Poisson model is used to simulate the events’ earthquake occurrence on the considered 

fault. The characteristic earthquake-recurrence model by [13] is adopted to simulate each event 
associated Mw. It consists of a log-linear recurrence relationship (i.e., frequency of occurrence 
vs Mw) for moderate (non-characteristic) events and a constant probability branch of occurrence 
for large (characteristic) events. This model is based on observations that during repeated rup-
tures occurring on the same fault (or fault system), some characteristics, such as fault geometry, 
source mechanism, and seismic moment, remain approximately constant over a significant time. 
The magnitude-dependent length of the rupture is obtained from the equations proposed by [13]. 
The Joyner-Boore distance is used to define the source-to-site distances for the set of locations 
of interest.  

The amplitude- and duration-based ground-motion IMs (i.e., average spectral acceleration, 
AvgSa and significant duration, Ds5-95) are simulated for each seismic event in the stochastic 
catalogue using the approach presented in [14] for correlated random realisations from a mul-
tivariate lognormal distribution (including cross-IM correlation). The AvgSa and Ds5-95 realisa-
tions are obtained using appropriate GMMs (i.e., [15]; [16]) and empirical correlation models 
(i.e., [17]; [18]) for spectral acceleration (Sa) ordinates (to estimate AvgSa) and Ds5-95. It is 
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worth noting that different models should be considered and combined in a logic tree to consider 
the epistemic uncertainties included in the framework. Nevertheless, one set of models is uti-
lised since the study focuses on introducing the proposed simulation-based loss estimation 
framework and relative loss results. 

It is also worth mentioning that only the combined (intra- and inter-event) GMM uncertainty 
is considered in this study for simplicity (and computational efficiency), with no consideration 
of ground-motion spatial correlation (among the locations of the portfolio). Yet, a full correla-
tion for the buildings pertaining to one single site is implicitly assumed since ground shaking 
is herein simulated for each location (rather than for each building). Many studies (e.g., [19]) 
have shown that the spatial correlation in ground-motion IMs has important implications on 
probabilistic seismic hazard and loss estimates of spatially distributed systems (e.g., building 
portfolios). Inclusion of spatial correlation of IMs into the seismic risk analysis may often result 
in the likelihood of observing more significant (and in some instances smaller) losses for a 
portfolio distributed over a typical city-scale when compared against simulations in which this 
correlation is neglected. Therefore, in practice, the spatial correlation must be included. This is 
a future development of the current study. 

2.2 Exposure 
Various building portfolios located nearby a causative fault are considered. Each portfolio 

consists of several equally spaced locations (i.e., sites). In each location, a group of buildings 
of different typologies (or taxonomy) is collocated (i.e., the exposure is “lumped” at the con-
sidered sites). Each portfolio is also moved (utilising 3 km intervals) horizontally through the 
entire region (perpendicularly to the fault) to assess the ground-motion duration influence on 
the loss curves/EAL with respect to the distance from the fault. 

2.3 Vulnerability 
Fragility relationships are derived by using incremental dynamic analysis (IDA) with AvgSa 

as the primary IM and: 1) MIDR as a demand parameter, indirectly accounting for duration, 
through an advanced nonlinear structural model; 2) MIDR as demand parameter, explicitly 
considering duration as an IM together with spectral shape, in a vector-valued format. For each 
case, vulnerability models are developed by combining the fragility relationships with a build-
ing-level damage-to-loss model. It is worth noting that MIDR can account indirectly for the 
duration since the hysteretic models utilised here ([20]; [21]) accounts for the cyclic and in-
cycle strength and stiffness deterioration of the structural components based on the EH of the 
components, following the deterioration rule developed by [22]. 

When using a scalar IM (i.e., AvgSa), the probability of reaching or exceeding a damage 
state (DS) at a given IM level can be estimated as the fraction of records for which this DS 
occurs at a level lower than the defined IM. This probability can be calculated as shown in 
equation 1, assuming a lognormal distribution. 

 𝑃(𝐷𝑆 ≥ 𝑑𝑠!|𝐼𝑀) = Φ .
𝑙𝑛(𝐼𝑀/𝜇)

𝛽 4	 (1) 

The fragility relationship mean, 𝑙𝑛(𝜇), and standard deviation, 𝛽 (i.e., dispersion), are com-
puted with equations 2 and 3 (i.e., by using the method of moments estimator as described in 
[23]). In these equations, 𝑛 is the number of considered ground-motions; 𝐼𝑀! is the intensity 
measure value associated with the onset of a DS for the ith ground motion. Φ is the CDF of the 
standard Gaussian distribution. 
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When using a vector-valued IM (i.e., [AvgSa, Ds5-95] in this study), although only a single 
IM parameter is scaled during IDA, it is still possible to determine the effects of other IMs. In 
such context, IM2 (i.e., Ds5-95) can explain part of the variation of the associated IM1 (i.e., 
AvgSa). Therefore, the probability of exceeding the IM1 associated with the target EDP (i.e., 
MIDR) level can be expressed in terms of a conditional distribution of IM1 given IM2. Linear 
regression is used to find the conditional mean of 𝑙𝑛𝐼𝑀$ given 𝑙𝑛𝐼𝑀% as shown in equation 4. 
𝛽& and 𝛽$ are coefficients estimated from linear regression using the data points. The condi-
tional standard deviation (𝜎'"()!|'"()"#'"!+") of 𝑙𝑛𝐼𝑀$ given 𝑙𝑛𝐼𝑀% is estimated computing the 
standard deviation of the regression residuals (root mean squared error).  

 
 𝜇'"()!|'"()"#'"!+" = 𝛽& + 𝛽$𝑙𝑛𝐼𝑀%	 (4) 

If the conditional distribution of 𝑙𝑛𝐼𝑀$ given 𝑙𝑛𝐼𝑀% is assumed to be Gaussian, the condi-
tional mean and standard deviation calculated completely define the conditional distribution of 
𝑙𝑛𝐼𝑀$ associated with reaching an EDP level. Thus, the CDF of this conditional distribution 
can be estimated as in equation 5, where Φ is the CDF of the standard Gaussian distribution. 

 𝑃(𝐼𝑀$ < 𝑖𝑚$|𝐷𝑆 = 𝑑𝑠! , 𝐼𝑀% = 𝑖𝑚%) = ΦD
𝑙𝑛𝑖𝑚$ − 𝜇'"()!|'"()"#'"!+"

𝜎'"()!|'"()"#'"!+"

E	 (5) 

Damage loss ratios (DLRs) are usually estimated empirically through post-earthquake re-
connaissance data or employing expert judgment. These ratios are site-specific and building-
type-specific and must be carefully selected while developing vulnerability models (e.g., [24]). 
For this study, the DLRs suggested by [25] are considered. The definition of the damage loss 
ratios is shown in Table 1 (from no damage, DS0 to collapse, DS5). 

DSs DS0 DS1 DS2 DS3 DS4 DS5 
DLRs 0.00 0.01 0.10 0.35 0.75 1.00 

Table 1: Definition of damage-to-loss ratios. 

Vulnerability models are expressed here in terms of loss ratio (LR), i.e., the repair-to-re-
placement cost ratio of the building conditional on the level of ground-shaking IM. Such func-
tions are derived according to equation 6, using the law of total expectation. 𝐷𝐿𝑅!  is the 
damage-to-loss ratio for the ith damage level DS, whilst 𝑃(𝐷𝑆 = 𝑑𝑠!|𝐼𝑀) is the probability that 
the DS is equal to dsi (probability of being in each damage state). It is worth noting that IM here 
could be a single IM composed only by AvgSa, or a vector-valued IM including AvgSa and 
Ds5-95 as derived above, resulting in vector-valued vulnerability relationships. 

 𝐿𝑅(𝐼𝑀) =7𝐷𝐿𝑅!𝑃(𝐷𝑆 = 𝑑𝑠!|𝐼𝑀)
!

	 (6) 
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2.4 Loss assessment 

For each event and IM simulation (i.e., ground-motion field), the mean LR is computed using 
the pertinent vulnerability models. This process is replicated for each location within the port-
folio, and each considered building typology, 𝑡. According to [11], for each computed LR, the 
ground-up loss at each of the 𝑛',- locations is calculated through equation 7, assuming 𝑁.,0 
buildings of typology 𝑡 for which the replacement cost is equal to 𝐶𝑅.,0. Such cost (cost of 
structural/non-structural component and contents inclusive) is often provided in the exposure 
model. The loss ratio for every location for a given IM is calculated with equation 8. 

 𝐿',-(𝐼𝑀) =7𝐿𝑅.,0(𝐼𝑀)𝑁.,0𝐶𝑅.,0
0

	 (7) 

 𝐿𝑅',-(𝐼𝑀) =
𝐿',-(𝐼𝑀)
𝐶𝑅',-

=
∑ 𝐿𝑅.,0(𝐼𝑀)𝑁.,0𝐶𝑅.,00

∑ 𝑁.,0𝐶𝑅.,00
	 (8) 

Assuming that 𝐶𝑅.,0 = 𝐶𝑅 for each 𝑏, the equation 8 is simplified into equation 9, in which 
𝑛.,0 = 𝑁.,0/∑ 𝑁.,00  is the proportion of building typologies, 𝑡. Considering that the distribution 
of buildings 𝑛. is uniform through the portfolio, the portfolio LR is calculated as the mean of 
loss ratios per location (equation 10). Given such assumptions, there is no need to assume any 
𝐶𝑅 nor the number of buildings at the given location for each building typology without jeop-
ardising the result generality. The outcome is expressed in terms of loss exceedance curves and 
EAL, representing the expected loss per year (statistical mean loss) and is used as an estimate 
of the annual insurance premiums to cover the peril [26]. The EAL is calculated, averaging the 
portfolio LR for each event and simulation in the stochastic catalogue. 

 𝐿𝑅',-(𝐼𝑀) =
∑ 𝐿𝑅.,0(𝐼𝑀)𝑁.,00

∑ 𝑁.,00
=7𝐿𝑅.,0(𝐼𝑀)𝑛.,0

0

	 (9) 

 𝐿',-(𝐼𝑀) =
∑ 𝐿',-',-

𝐶𝑅1,20
=
∑ 𝐿𝑅',-𝐶𝑅',-',-

∑ 𝐶𝑅',-',-
=
∑ 𝐿𝑅',-',-

𝑛',-
	 (10) 

3 ILLUSTRATIVE APPLICATION 

3.1 Considered ground-motion records 
The ground-motion dataset employed in this study is a subset of the Pacific Earthquake En-

gineering Research Center NGA-West2 database [27]. Sets of long and one-to-one spectrally-
equivalent short duration ground-motion records are used herein as described by [2]. Firstly, a 
set of long duration records is selected considering all the records within the NGA-West2 da-
tabase complying with the following criteria: a) 10 km ≤ Rrup ≤ 250 km; b) 30 s ≤ Ds5-95 ≤ 60 s; 
c) a minimum Mw = 5; d) a minimum PGA = 0.1 g; and e) a minimum PGV = 10 cm/s. Rrup is 
the minimum distance to the rupture surface; Mw is the moment magnitude of an earthquake; 
and PGA and PGV are the peak ground acceleration and peak ground velocity of the ground 
motions, respectively. Secondly, the companion set of short-duration records is assembled, se-
lecting a corresponding record with Ds5-95 smaller than 25 s for each long record, and closely 
matching the response spectrum of the long-duration record. The ones with the lowest sum of 
squared errors (SSE vary from 0.19 up to 0.95) are chosen from all the candidate short duration 
records. Finally, 200 ground-motion records are utilised (see Figure 2). The selected sets of 
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short- and long-duration records are finally combined together to cover a wide range of relevant 
IM values in performing nonlinear dynamic analysis of the considered archetype frames. 

  
a) Ground-motion response spectra b) Ground-motion significant durations 

Figure 2: Selected ground-motion records. 

3.2 Considered building typologies 
The considered mid-rise reinforced concrete (RC) building models represent distinct vulner-

ability classes in southern Europe. The total building height is equal to 13.5 m, with a first 
storey of 4.5 m, upper storeys of 3 m and a bay width of 4.5 m in both directions [28]. Two 
moment-resisting frames are considered using the same geometry. The first case-study frame, 
termed as special-code frame, is designed and detailed according to the seismic provisions of 
the EC8 for high ductility class [29]. These provisions include capacity design, various require-
ments in terms of cross-sectional dimensions and seismic detailing to ensure a ductile global 
performance and preventing the formation of localized brittle failure modes. The other frame, 
termed as pre-code frame, is designed for gravity loads only as per the Royal Decree n. 2239 
of 1939 [30] that regulated the structural design in Italy until 1974. Therefore, this frame does 
not conform to modern seismic requirements. A non-ductile behaviour characterizes it due to 
the lack of strength hierarchy rules, sufficient longitudinal reinforcement, poor confinement, 
and susceptibility to develop brittle failure mechanisms (see [31] for more details). According 
to this distinction, the two case-study frames include a pre-code bare (PB) frame and a special-
code bare (SB) frame. Figure 3a depicts the elevation layout of these frames. 

  
a) Elevation geometric layout b) Analytical-numerical model 

Figure 3: Geometric elevation definition and modelling strategy of the buildings. 

Regarding the materials used for each building, their mean mechanical properties, such as 
the concrete compressive strength and the rebar steel yield strength, represent those typically 
adopted in southern Europe. For the pre-code frame, mean concrete mechanical properties are 
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obtained from [32] and [33], while for the special-code frame are obtained from [34] and based 
on the current practice. The described material properties are summarised in Table 2. 

Parameter Symbol Units Pre-code Special-code 
Compressive strength of concrete fcm MPa 19 37 
Modulus of elasticity of concrete Ec MPa 26670 32600 
Yield strength of rebar steel fym MPa 360 490 
Modulus of elasticity of rebar steel Es MPa 200000 200000 

Table 2: Properties of the reinforced concrete. 

The case-study structure response is simulated by two-dimensional numerical models adopt-
ing the finite element software OpenSees [35], as shown in Figure 3b. For all the case studies, 
gravity loads are uniformly distributed on the beams and masses concentrated at master joints 
on different floors. Besides, elastic damping is modelled through the Rayleigh model [36], us-
ing a 5% viscous damping ratio on the first two vibration modes. Moreover, geometric nonlin-
earities are included to account for P-∆ effects. 

A lumped plasticity approach is utilised to model both beams’ and columns’ nonlinear be-
haviour using zero-length rotational springs. Beam-column end-offsets and floor diaphragms 
are modelled as rigid. The moment-rotation constitutive relationship for beam and columns is 
consistent with the models developed by [37]. The peak-oriented hysteretic model (as defined 
by [20] and further refined by [21]) describes the strength and stiffness deterioration (cyclic and 
in-cycle). For pre-code frames only, nonlinear shear springs are added in series to the rotational 
ones to account for brittle mechanisms consistent with the model developed by [38]. 

Structure-specific MIDR thresholds for five DSs are calibrated via pushover analyses by 
reviewing multiple measurable criteria according to [31], which are based on [39] and [29]. The 
pushover load patterns are defined according to the first mode shape, as indicated in [29]. The 
selected DSs thresholds are shown in Table 3. Some relevant information on the case-study 
buildings’ dynamic behaviour, such as the first- and second-mode vibration periods and the 
corresponding mass participation ratios, is summarised in Table 4. 

Case-study 
frames 

Damage states 
DS1 DS2 DS3 DS4 DS5 

PB 0.15% 0.25% 1.40% 2.00% 3.50% 
SB 0.17% 0.40% 2.70% 3.85% 8.00% 

Table 3: Definition of damage state thresholds for MIDR. 

Parameter PB frame SB frame 
Fundamental structural period T1=0.83 s; T2=0.25 s T1=0.50 s; T2=0.15 s 

Mass participation ratio 94.50% 91.96% 
Table 4: Fundamental structural periods and mass participation ratios. 

3.3 Considered building portfolios 
Two synthetic building portfolios are considered in this study. As shown in Figure 4, a fault-

parallel “zone” is first defined as located next to a case-study strike-slip fault. The zone is de-
fined so that the closest sites are located at 5 km minimum from the fault; each portfolio is 
moved perpendicularly from the fault to assess the effects of distance on ground-motion dura-
tion (and, consequently, losses). Within the considered zone, the centroid of each location in 
the portfolio is distributed on a uniform lattice approximately 3 km-spaced. Thus, a 9 km2 area 
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pertains to each location. Such choice allows attaining a balance between computational burden 
and accuracy in the outcomes [11]. 

A 36 km x 36 km base portfolio is used as a standard size and is considered representative 
of a small region. Two different exposure configurations are also considered, considering that 
each location has the same building composition. These configurations involve a single building 
typology (i.e., PB or SB) only. 

 
Figure 4: Geometric definition of building portfolios. 

3.4 Considerations for the stochastic catalogue  
The considered case-study strike-slip fault is defined by the characteristic earthquake-recur-

rence model shown in [40]. The necessary parameters for this model are assumed as follows: 
mc=6.4 (characteristic earthquake magnitude); b=1 (𝑏-value of the Gutenberg–Richter law); 
Mmin=5; Mmax=6.9; and Δm1=1 (interval below the magnitude level mc, required in the consid-
ered probabilistic model). A rock soil type is assumed for each portfolio’s location with shear 
wave velocity in the first 30 m of soil Vs30=800 m/s. 

A 10000-year stochastic catalogue is considered; for each event, 500 realisations of the IMs 
are generated. This maximum time and the number of simulations is selected based on the cur-
rent catastrophe risk modelling practice and correspond to a good balance in terms of statistical 
validity of the loss estimates and computational burden. As discussed, AvgSa is selected as the 
primary IM, and it is calculated in the period range [T2:2T1] for both case-study frames (con-
sistently with [41]). 

4 RESULTS 

4.1 Effects of ground-motion duration on hazard 
Ground-motion duration increases with the distance from the source due to the scattering 

and dispersion of seismic waves and the difference in the arrival times of waves propagating at 
different velocities and traversing different paths (e.g., [42]; [43]; [44]). However, duration also 
depends on local site conditions, with longer duration ground-motions typically observed at 
sites with softer soils due to repeated seismic wave reflections within the soft-soil layer and the 
respective dynamic amplification [45].  

Figure 5a and Figure 5c show the obtained AvgSa and Ds5-95 hazard curves (individual sim-
ulations and median); while Figure 5b and Figure 5d show the AvgSa and Ds5-95 ground-motion 
fields (median), considering 2500-year mean return period (MRP) for one of the two index 
buildings (i.e., PB). As expected, the AvgSa values decrease, and the Ds5-95 values increase 
with distance. It is worth noting that the AvgSa ground-motion field varies for each of the index 
buildings (not shown here for brevity) since AvgSa is structure-dependent. At the same time, 
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the Ds5-95 ground-motion field is the same for every index building. In the PB case, AvgSa 
ranges from around 0.05 g to 1.10 g; the Ds5-95 ranges from approximately 20 s to 70 s. 

  
a) AvgSa hazard curve for a site b) AvgSa ground-motion field 

  
c) Ds5-95 hazard curve for a site d) Ds5-95 ground-motion field 

Figure 5: Simulation-based PSHA results for the region. 

4.2 Effects of ground-motion duration on vulnerability 
Figure 6a-b show the fragility and vulnerability models obtained using AvgSa as an IM after 

performing the IDA for the PB frame. These relationships implicitly account for the significant 
duration since the structure hysteretic models can well capture the cyclic and in-cycle strength 
and stiffness deterioration (using the EH dissipated in each component) and the ratcheting of 
MIDR accentuated by the P-∆ effects. Similar behaviour is presented in different empirical 
damage models such as the Park and Ang damage index [46]. 

Figure 6c-d show the fragility and vulnerability models obtained using AvgSa and Ds5-95 in 
a vector-valued format after performing the IDA. The fragility and vulnerability surfaces ex-
plicitly account for the ground-motion duration since Ds5-95 can describe part of the variability 
of AvgSa, even if the latter is scaled during the nonlinear procedure. It could be noticed from 
the results that ground-motion duration mainly affects the higher DSs (i.e., DS3, DS4 and DS5), 
whilst the lower damage states (i.e., DS1 and DS2) remain approximately unaffected. This ex-
plained why the vulnerability surface exhibits a slight but steady increase in the loss ratio due 
to duration. On the other hand, the fragility relationship surface for DS5 exhibits a more signif-
icant (i.e., steeper) increase from short to long durations (i.e., from 1 s up to 60 s as depicted in 
the figure). In every case, the duration effects are consistently more apparent at lower durations 
and increase as AvgSa increases. 

It is worth mentioning that the previous results are consistent among all the index buildings 
considered in this study. The fragility and vulnerability models are structure-dependent; there-
fore, these models vary accordingly per each case study (not shown here for brevity).  
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a) Fragility relationship b) Vulnerability relationship 

  
c) Fragility surface for DS5 d) Vulnerability surface 

Figure 6: Fragility and vulnerability models for PB frame. 

4.3 Effects of ground-motion duration on losses 
Figure 7a-b presents the median normalised loss ratio (NLR) corresponding to 2500 years 

MRP at each location within the region (i.e., normalised loss maps), computed as shown in 
equation 11. As expected, the NLR increases with distance when the IM explicitly accounts for 
duration (i.e., utilising the previously described vector-valued IM). The latter result is more 
apparent for the SB frame case, where the NLR can reach values around 60%. It is important 
to note that losses decrease dramatically with distance, and low LR values are obtained for sites 
located far away from the source (e.g., at 100 km from the source). Therefore, small fluctuations 
in LR estimates at these locations can result in obtaining high NLR values. Thus, these high 
NLRs may not necessarily represent significant differences in the loss estimates from a practical 
point of view. 

  
a) Normalised loss ratio (median) for PB frames b) Normalised loss ratio (median) for SB frames 

Figure 7: Normalised loss ratio (median) for PB and SB frames (MRP = 2500 years)  [%]. 
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It is worth noting that the results obtained for the SB frame are not consistent with the ones 
obtained when using the PB frame since, for locations relatively near the source (from 5 km to 
25 km from the source), the NLR is higher when AvgSa is used as a scalar IM. This indicates 
that using duration in the vector-valued IM can increase or decrease the NLR value with respect 
to the scalar IM, given the region seismic hazard, exposure, and vulnerability models under 
consideration. 

 
[LR(𝐼𝑀34-0,2))56#%7&&	94:2; − LR(𝐼𝑀;-:':2))56#%7&&	94:2;]

LR(𝐼𝑀34-0,2))56#%7&&	94:2;
	 (11) 

  
a) Aggregated loss curves (median) for PB portfolio b) Aggregated normalised loss curves for PB portf. 

  
c) Aggregated loss curves (median) for SB portfolio d) Aggregated normalised loss curves for SB portf. 

Figure 8: Aggregated loss curves (median) pairs and aggregated normalised loss curves (median) variating with 
distance for PB and SB portfolios. The colour bar represents the distance from the source [km]. 

Figure 8a-d offers a better picture of how losses (i.e., LR or NLR as appropriate) and their 
mean annual frequency of exceedance (for different MRP) vary with distance. The left panels 
in these figures show the aggregated loss curves (median) for portfolios located at different 
distances from the source and using AvgSa or [AvgSa,Ds5-95] respectively (the distance increase 
from right to left as indicated). The right panel in these figures show the corresponding aggre-
gated normalise loss curves (median) for selected portfolios (the aggregated normalise loss 
curves are estimated using equation 11 for every MRP associated with each mean annual fre-
quency of exceedance, MAFE). The results are shown for two portfolios composed of PB (see 
Figure 8a-b) and SB (see Figure 8c-d) frames for the considered base portfolio size.  

Regarding the portfolio made exclusively of PB buildings, when using AvgSa as an IM, the 
obtained LRs are higher in the vicinity of the source than those computed when using 
[AvgSa,Ds5-95] as an IM. Thereby, accounting explicitly (i.e., using the vector-valued IM) for 
duration near the source provides lower LR estimates. The previous behaviour varies with 
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distance up to 25 km from the source approximately; in this case, the losses computed using 
[AvgSa,Ds5-95] as an IM are higher than those estimated using AvgSa as IM. The previous 
results are valid for MAFEs below roughly 1/100 years, as noticed in the figures. For relatively 
large MAFE value (above 1/100 years), the NLR are higher than 10%, indicating that the vec-
tor-valued IM can better capture duration effects for moderate seismic events. 

Interestingly for the portfolio made of SB buildings, when using AvgSa as an IM, the result-
ing LR results are lower than those obtained when [AvgSa,Ds5-95] is used as an IM. This may 
be due to the fact that a special-code frame (i.e., SB frame) with higher levels of strength and 
ductility can dissipate higher EH levels. Since significant duration is better correlated to struc-
tures behaving in such a way, its effect could be more apparent when duration is considering 
explicitly for intensity levels that are not causing structural collapse. In contrast, a pre-code 
building (i.e., PB frame) may collapse given the same intensity level without dissipating signif-
icant amounts of EH (as it occurs next to the source). These results reinforced the idea that the 
vector-valued-based vulnerability model can better capture duration effects given the consid-
ered seismic hazard, exposure, and vulnerability models. 

The EAL is a suitable parameter to represent portfolio losses; therefore, the EAL is computed 
for all the possible distances within the region for the same portfolios analysed above. The 
outcome depends strongly on the portfolio composition when using both vulnerability models 
(i.e., scalar- and vector-valued-based vulnerability models). For the portfolio including only PB 
buildings, differences between the EAL values are at most 6% (next to the source). In contrast, 
for the portfolio composed of SB buildings, EAL differences can reach up to 9% (far from the 
source). The noticeable trend among all distances is that, when EAL is used as a loss metric, 
there is a non-significant difference  between using a scalar IM and a vector-valued IM account-
ing implicitly and explicitly for ground-motion duration, respectively.  

5 CONCLUSIONS 
This study investigated the influence of earthquake-induced ground-motion duration on es-

timating seismic losses for building portfolios using a simulation-based risk assessment frame-
work. The aim was to examine how this ground-motion feature influences different loss 
estimates, investigating whether duration matters (depending on the location/portfolio) and 
should be included in the seismic risk assessment practice. The main conclusions of this work 
are summarised as follows: 
§ As expected, given the utilised GMMs, AvgSa intensity decrease and Ds5-95 increase with 

distance from the source; 
§ Duration can be implicitly or explicitly considered when fragility and vulnerability models 

are constructed. In general, the outcomes (i.e., loss estimates) do not match; 
§ Vector-valued fragility and vulnerability models may perform better in capturing the impact 

of ground-motion duration; 
§ The loss curves and EAL decrease rapidly with distance from the source; after 25 km-30 

km, the differences when using a scalar and a vector-valued IM may be neglected; 
§ Building portfolio loss assessment is influenced by ground-motion duration, and its effect 

depends on the portfolio location and composition; 
This study provided a first look at how to account for earthquake-induced ground-motion 

duration in building-portfolio loss estimation, and its results may not be generalised. Essential 
aspects such as the size of the portfolio, a realistic composition of the portfolio (e.g., mixed 
building typologies in the considered exposure), the use of more building typologies, complex 
source models, among others, were not considered in the paper but will be investigated in future 
developments of the study.  
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