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Rapid post-earthquake damage assessment is critical to short-term earthquake crisis management. Reinforced 
concrete buildings may accumulate damage during an aftershock sequence, and short-term damage forecasts af-
ter the mainshock can aid in decision-making (in particular, on whether to allow immediate occupancy) before 
further damage actually occurs. This paper presents an operative damage forecasting and building tagging proce-
dure for reinforced concrete buildings during synthetic aftershock sequences near Thessaloniki, Greece, for two 
hypothetical earthquake scenarios. The synthetic aftershock sequences are simulated, and the time-variant seis-
mic vulnerability is modeled based on fragility curves for the damage state thresholds in terms of period elonga-
tion. Period elongation is chosen as a damage proxy because it is available for rapid damage assessment in build-
ings with permanent monitoring systems or for city-scale post-earthquake surveys. Time-variable damage state 
probabilities owing to aftershocks are estimated, and a building tagging scheme is proposed based on a traffic-
light concept (red-orange-green) to assist in seismic crisis management during aftershock sequences. 

 
 
 
1. Introduction 
 

Appropriate decision-making after a major earthquake is important for 
enabling short-term decisions, such as those regarding building evacuation 
or repair. Furthermore, seismic crisis management and safety measures can 
be improved by combining rapid building damage assessment with short-
term forecasting of the seismicity and associated risks [1]. On an urban scale 
or in the case of critical structures, performance levels related to immediate 
occupancy or damage grades should be considered in the short-term fore-
casting. Specifically, a rapid risk assessment must be extended over the en-
tire duration of the aftershock sequence to consider potential damage accu-
mulations owing to the aftershocks [2]. Operative procedures are then re-
quired to combine aftershock occurrence forecasts, models of damage ac-
cumulation, and building health characterizations with respect to targeted 
levels of damage. Earthquake risk forecasts during an aftershock sequence 
are often based on operational earthquake forecasting (OEF). Hermann 
et al. [3] used OEF to forecast the time-varying seismic risk during an earth-
quake sequence scenario simulating the 1356 Basel earthquake. They esti-
mated the human losses and associated risks in the short-term to support 
decisions such as evacuation or the interruption of critical operations in re-
inforced concrete (RC) buildings. Chioccarelli and Iervolino [4] used OEF to 
perform a retrospective analysis of loss assessments for aftershock se-
quences in Italy. 

Decision-making in seismic emergencies must consider the increased 
vulnerability owing to mainshock damage, in addition to the time-variant 
vulnerability of buildings in view of probable aftershock damage accumu-
lations. Probabilistic frameworks have been developed to assess the con-
tributions of aftershock damage accumulation with respect to the damage 
caused by the mainshock [5–7]. Furthermore, approaches based on the 
Markov Chain have been used to assess seismic performance and to de-
velop models for damage accumulation [8–10], in combination with a 
probabilistic assessment of aftershock occurrence. Most studies report a 
large contribution of aftershocks in consequence and loss forecasting. The 
short-term variability of buildings' vulnerabilities, as related to the dam-
age accumulated over the entire seismic sequence, is a key element to be 
assessed for short-term decision-making. 

Monitoring the elongation of the fundamental period of buildings can 

help assess earthquake damage in buildings whose stiffness gradually de-
grades before failure [11]. The fundamental period (or frequency) is as-
sumed to be a proxy for the apparent structural stiffness and structural 
health [12–16]. For instance, the residual stiffness of masonry buildings 
from period measurements has been used to study the effect of seismic 
damage accumulation on a macro-seismic intensity assessment [12]. 
Michel et al. [13] used laboratory tests to quantify the fundamental fre-
quency shift for unreinforced masonry specimens as a function of the 
structural drift and the level of damage. Experimental and numerical ap-
proaches have found empirical relationships between the frequency shift 
and damage index for RC buildings [14]. Katsanos et al. [15] showed that 
the transient period elongation during a seismic response did not exceed 
1.2 and 1.7 for a designed earthquake and twice the designed earthquake, 
respectively. Katsanos and Sextos [16] also showed the sufficiency (i.e., 
independence from magnitude and distance) of the structural period 
elongation in damage prediction using single-degree-of-freedom oscilla-
tors. Reuland et al. [11] predicted fragility curves for subsequent earth-
quakes based on a measured postearthquake structural frequency and a 
visual inspection. Masi and Vona [17] reported a 40–50% period elonga-
tion in laboratory-scaled specimens of RC buildings without masonry in-
fills under strong motion. They also reported a 15–30% period elongation 
for site-monitored RC buildings with masonry infills subjected to moder-
ate seismic ground motion. Numerical studies indicate that the period 
corresponding to a collapse threshold is sensitive to p-delta effects [18]. 
Regarding the aftershock collapse assessment, the maximum inter-story, 
roof, and residual inter-story drifts appear to be suitable as damage 
measures [19]. Nevertheless, building tagging procedures often assign a 
red tag to buildings that have sustained heavy damage without collapsing 
and those that are considered unsafe, unrepairable, or not worth repair-
ing. In this respect, the procedures herein concern the probabilities of 
damage states up to heavy damage, based on the period of elongation ob-
served before collapse. 

Clinton et al. [20] and Astorga et al. [21] showed the cumulative ef-
fects of successive earthquakes on the frequency drop in relation to the 
amplitude of seismic loading in the context of long-term structural moni-
toring. Furthermore, Gallipoli et al. [22] reported a co-seismic frequency 
drop in permanently monitored buildings during mainshocks and after-
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shocks. Post-earthquake experimental surveys for building damage clas-
sification have also highlighted residual period elongations. For instance, 
a permanent frequency (or period) shift was first associated with a level 
of seismic damage after the 2003 Boumerdes earthquake in Algeria [23]. 
The damage was assessed by visual screening and was based on a red-
orange-green traffic light classification. The observed post-earthquake 
period elongation was less than 30% in the case of buildings tagged green, 
between 10 and 70% in the case of buildings tagged orange, and 50–70% 
in the case of buildings tagged red. These values were confirmed by Vidal 
et al. [24] after the 2011 Lorca earthquake: the period elongations were 
equal to 20%, 43%, and 65% for the EMS98 damage grades 1 (no struc-
tural damage), 2 (slight structural damage, i.e., cracks in structural mem-
bers), and 3–4 (moderate to very heavy structural damage, i.e., structural 
members with signs of inelastic deformation or failure), respectively. 

This study presents an underlying probabilistic framework for the 
operational forecasting of time-variant damage-state probabilities for as-
sisting decision-making in seismic emergencies. The main elements of the 
developed framework are operational aftershock forecasting, measure-
ment of the fundamental period of the structure, damage accumulation 
and time-variant vulnerability modeling based on period elongation, and 
building tagging based on a traffic light scheme as a decision-making tool. 
A novel aspect of this study is the use of fragility curves for damage state 
thresholds in terms of period elongation. Period elongation is a damage 
proxy and can be tracked and used for damage probability forecasting. 
Such fragility curves should be evaluated before the mainshock, so that 
they can be used in decision making during an earthquake crisis. Although 
building modeling is used here to evaluate fragility curves, it is not used 
in the decision-making. First, using the epidemic type aftershock se-
quence model (ETAS) [25–27], synthetic sequences are generated for the 
given mainshock scenarios. 

Subsequently, time-variant damage-state probabilities for numerical 
models of RC buildings are estimated based on the elongation of the pe-
riod of the building models. The synthetic aftershock sequences are used 
in Markov chain Monte Carlo simulations [28, 29], in order to estimate the 
time-variant cumulative probabilities of the considered damage states 
during seismic sequence scenarios. The fundamental period of the struc-
ture measured at a given time can be used for two purposes. First, it can 
be used to determine the initial damage state of the structure, if the period 
was measured before the mainshock. Second, if the measurement is made 
during the aftershock sequence, it can be used to update the assessments 
for the remainder of the aftershock sequence. Finally, a red-orange-green 
traffic light framework is developed for classifying buildings according to 
performance level thresholds. The classification is done based on the in-
crement of the time-variant cumulative probabilities of the damage states 
in a selected time window. In this framework, the time window consid-
ered after the mainshock depends on the time required for emergency 
decisions (e.g., whether to provide structural support or evacuation). The 
earthquake scenarios, aftershock sequences, and building models are 
presented in the second section of this article and are based on the test 
site of Thessaloniki (Greece). The third section presents the underlying 
probabilistic approach to the time-variant vulnerability and accumulated 

damage states. Finally, the traffic light framework for decision-making is 
presented before the conclusion. 
 
2. Earthquake scenarios, aftershock sequences, and building 

models 
 
2.1. Synthetic aftershock sequences for earthquake scenarios 
 

For each mainshock, multiple synthetic aftershock sequences are 
generated in order to be used in a subsequent step to estimate the time-
variant cumulative probabilities of the considered damage states. The 
synthetic aftershock sequences in this framework are generated using the 
ETAS model. This model is based on empirical laws describing the distri-
butions of earthquakes in space, time, and magnitude. It predicts the rate 
of future earthquakes based on previous seismicity; it can also be used for 
OEF [30], and to generate synthetic catalogs. In this study, we use the 
ETAS model to generate two synthetic catalogs of aftershocks, as caused 
by two mainshock scenarios and their aftershocks. 

Scenarios 1 and 2 (Fig. 1a–b) correspond to the Thessaloniki (Greece) 
case study: the mainshock (depth = 10 km) magnitudes are 6.5 and 7.0, 
with epicenters located 10 km and 30 km northeast of the city, respec-
tively. The scenarios are selected based on seismic hazard disaggregation 
results for Thessaloniki (Fig. 1c). The hazard disaggregation was per-
formed using the OpenQuake Engine [31] and the computation input [32] 
from the 2013 Euro-Mediterranean Seismic Hazard Model (ESHM13) 
[33]. The ETAS model considers the uncertainty of the strike and the dip 
of the seismic fault. In Scenarios 1 and 2, these parameter values are sam-
pled by the Monte Carlo simulation as random independent values from 
normal distributions. Sampling is performed with a standard deviation of 
10° and median values equal to 120° and 60° for strike and dip, respec-
tively. Such fault geometries are found in the regions of the scenario epi-
centers [34, 35]. In the synthetic output catalogs, earthquakes with a mag-
nitude greater than 2.0 are simulated, but only earthquakes with magni-
tudes of 4.0 or more are included in the damage model. Moreover, the 
Guttenberg-Richter law is capped at a magnitude of 8 for the generation 
of synthetic earthquake sequences, as a conservative assumption compat-
ible with the estimated maximum possible magnitude (M 7.1) for the 
Thessaloniki region in the last 100 years [36, 37]. 

In this study, the parameters required by the ETAS model [38] are 
estimated based on the earthquake catalogs from the seismological sta-
tion of the Aristotle University of Thessaloniki (the 550BCE-2010 catalog 
[39, 40] and the 1995–2014 catalog [41]). A sub-catalog, which excludes 
earthquakes outside a 200 km radius around Thessaloniki, is used to con-
sider events of similar tectonic settings. Fig. 2a gives the cumulative dis-
tribution of the magnitudes in the catalogs and sub-catalog. 

The ETAS model assumes that the seismicity rate is the sum of a back-
ground rate and the rate of the aftershocks triggered by each previous 
event. This work is concerned with the seismicity following a large 
mainshock; the background rate is therefore ignored. The seismicity rate 
φ at a time t following an earthquake of magnitude M located at a distance 
r is given by 

Figure 1. a) Location of study site; b) earthquake scenarios in the area of Thessaloniki, Greece; c) seismic hazard disaggregation for the study site using the OpenQuake 
Engine [31]. 
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𝜑𝜑(𝑡𝑡, 𝑟𝑟,𝑀𝑀) = 𝐾𝐾 ∙ 10𝛼𝛼𝛼𝛼 ∙
1

(𝑡𝑡 + 𝑐𝑐)𝑝𝑝 ∙
1

�𝑟𝑟 + 𝐾𝐾(𝑀𝑀)�1+𝑞𝑞
 (1) 

 
here, 𝐿𝐿(𝑀𝑀) is the associated rupture length of the earthquake, and 𝐾𝐾, 𝑐𝑐, 𝑝𝑝, 
α, and 𝑞𝑞 are the model parameters. The rate of aftershocks increases ex-
ponentially with the magnitude M of the triggering event. In time, the seis-
micity rate follows Omori’s law: the rate of aftershocks decreases as a 
power law as a function of time after the triggering event. In space, the 
density is constant for distances smaller than the rupture length 𝐿𝐿(𝑀𝑀) =
0.01 · 10𝑀𝑀/2 km and decreases according to a power law at large distances 
𝑟𝑟 ≫ 𝐿𝐿(𝑀𝑀). The magnitude distribution is usually modeled by a Guten-
berg-Richter law. The total seismicity rate 𝑅𝑅(𝑡𝑡, 𝑟𝑟) is the sum of the after-
shock sequences of each previous earthquake, and is given by: 
 

𝑅𝑅(𝑡𝑡, 𝑟𝑟) = �𝜑𝜑(𝑡𝑡 − 𝑡𝑡𝑖𝑖 , |𝒓𝒓 − 𝒓𝒓𝒊𝒊|,𝑀𝑀𝑖𝑖)
𝑡𝑡𝑖𝑖

 (2) 

 
In the above, |𝒓𝒓 − 𝒓𝒓𝒊𝒊| is the norm of the vector  𝒓𝒓 − 𝒓𝒓𝒊𝒊, i.e., the 3D dis-

tance between the point corresponding to 𝒓𝒓 (where the seismicity rate is 
estimated) and the point corresponding to 𝒓𝒓𝒊𝒊 (location of earthquake 𝑖𝑖). 
Owing to this cascading effect, the global rate of aftershocks is much 
larger than the rate of direct aftershocks as modeled by Eq. (1). It also 
obeys Omori’s law, but with a smaller 𝑝𝑝 exponent, and with much larger 
fluctuations than the rate of direct aftershocks given by Eq. (1) [42]. The 
cascade of secondary aftershocks also slightly modifies the spatial distri-
bution of the aftershocks, which decays as a power law with an apparent 
exponent smaller than 1 + 𝑞𝑞, and induces a slow diffusion of aftershocks 
as a function of time [43]. 

The model parameters are usually estimated using a maximum like-
lihood method [26]. However, this method often yields biased and unre-
alistic values for some parameters. For example, the exponent α (describ-
ing the increase in aftershock productivity with the mainshock magni-
tude) can be underestimated if the spatial distribution of aftershocks is 
not isotropic [44]. In this study, we use a different approach. We start by 
extracting aftershocks from the catalogs, using the solution proposed by 
Helmstetter et al. [45]. We then estimate the model parameters of Eq. (1) 
(𝑝𝑝 = 1.1, 𝑐𝑐 = 0.001 day, 𝛼𝛼 = 0.8, 𝐾𝐾 = 0.008 and 𝑞𝑞 = 2.0) by comparing the 
synthetic aftershock sequences generated by ETAS and the aftershock se-
quences extracted from the regional subcatalog, including events within 
200 km from the site. Specifically, 𝛼𝛼 is estimated by fitting the aftershock 
productivity as a function of the mainshock magnitude (Fig. 2b). The pa-
rameters 𝐾𝐾, 𝑝𝑝, and 𝑐𝑐 of Omori’s law are found by fitting the aftershock de-
cay as a function of the time since the mainshock (Fig. 2c). The total after-
shock rate is characterized by an Omori exponent 𝑝𝑝 = 0.95, i.e., smaller 
than the value 𝑝𝑝 = 1.1 that characterizes the rate of direct aftershocks as 

defined by Eq. (1). In space, the exponent 𝑞𝑞 of Eq. (1) is obtained by ana-

lyzing the distribution of distances between the mainshock and the after-
shock hypocenters. Finally, for seismic risk analysis, the duration of the 
simulated aftershock activity should ideally enable a return to a safe situ-
ation, i.e., after all cumulative damage to buildings. In our case, the maxi-
mum simulation time estimated by the earthquake catalog analysis is 
1,000 days. 
 
2.2. Building models 
 

A series of two-dimensional low-rise and mid-rise RC building mod-
els is used (Fig. 3), and the buildings are selected as generic buildings, i.e., 
the focus of this study. These models are used to evaluate the fragility 
curves for the considered damage states, and the evaluation of the fragil-
ity curves must be made before the mainshock. The evaluated fragility 
curves are used in a subsequent step in order to compute the time-variant 
cumulative probabilities of the damage states. The models are considered 
representative of three-dimensional structural systems in Greece and are 
used to estimate losses [46]. The “HAZUS” [47] model-naming convention 
is used, and the model characteristics are provided in Table 1. 

These models include (1) low-code and low-rise models of buildings 
with a structural system of bare (C1L) and regularly infilled (C3L) mo-
ment-resisting frames; (2) low- (C2L) and mid-rise (C2M) low-code mod-
els with frames coupled with shear walls; and (3) mid-rise frame models 
(C1M) with low, moderate, and high seismic code design. These low, mod-
erate, and high code levels refer to seismic provisions for earthquake de-
sign. The low-code design level refers to seismic design according to the 
first Greek seismic code in 1959; the moderate design level refers to the 
supplementary clauses added in 1985; and the high-code level refers to 
the 2001 Greek seismic code [48]. Numerical modeling is performed with 
OpenSees [49], and details regarding the building modeling approach can 
be found in [29]. Here, the inelastic behavior of the structural elements is 
modeled using a distributed plasticity model of hysteretic response with 
stiffness degradation. The bilinear moment-curvature hysteretic models 
for the columns and beams are calibrated according to fiber section anal-
ysis results. In these analyses, reinforcement steel is modeled using the 

Table 1 
Description of the building models. 

Type Structural system Height Design level T1,orig. (s) 

C1L Moment resisting frames Low-rise Low code 0.48 
C2L Shear walls equivalent Low-rise Low code 0.18 
C3L Regularly infilled frames Low-rise Low code 0.20 
C1M Moment resisting frames Mid-rise Low code 0.61 
C1M Moment resisting frames Mid-rise Moderate code 0.62 
C1M Moment resisting frames Mid-rise High code 0.64 
C2M Shear walls equivalent Mid-rise Low code 0.38 

Figure 2. a) Cumulative magnitude distribution in the two historical earthquake catalogs for Greece (550 BCE–2010, 1995–2014) and in the catalog including earthquakes 
up to 200 km from Thessaloniki; b) number of aftershocks as a function of the magnitude of the triggering earthquake in the catalog of Greece (1995–2014 earthquakes with 
𝑀𝑀 > 2 and distance less than 200 km from Thessaloniki). The solid line is a linear fit with an exponent of 𝛼𝛼 = 0.8; c) aftershock decay as a function of time after mainshock 
magnitude with 0.5 intervals (color scale). The straight lines represent Omori’s law with an exponent of 𝑝𝑝 = 0.95. 
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Giuffre–Menegotto–Pinto model [50] and the Steel02 material in Open-
Sees. The strength degradation of confined concrete is modeled according 
to [51] using the material Concrete02 in OpenSees. The shear-flexural in-
teraction in the shear walls is not modeled. In that regard, modeling the 
shear-flexure interaction using models such as the SFI_MVLEM element in 
OpenSees [52] is incompatible with the scheme herein for evaluating the 
fragility curves of degraded buildings in damage states. If such models 
were used for the shear-flexure interaction, one would have to use other 
procedures, such as sequential non-linear time-history analyses (e.g. [8]), 
to compute the fragility curves of the buildings in the damage states. 
Pinching in the moment-curvature loops is used only for shear walls with 

a factor of 0.3, assuming a strong pinching effect. The infill walls are mod-
eled with double struts [53] with a compressive strength of 3.2 MPa and 
an elastic modulus of 3.2 GPa. The inelastic behavior of the struts is mod-
eled using the Hysteretic material in OpenSees. Moreover, the p-delta ef-
fects are not simulated. According to the Greek code for interventions in 
existing buildings [54], the p-delta effects can be ignored if the inter-story 
drift sensitivity coefficient is less than a prescribed value. In the cases 
considered in this study, this value is not exceeded, or it is exceeded for 
an inter-story drift higher than 0.02. This value of the inter-story drift cor-
responds to the collapse threshold for RC buildings in Greece [55]. We 
observe that the masonry in the C3L model leads to a considerably lower 

Figure 3. a) 2D building models representing reinforced concrete buildings in Greece (for details, see Table 1); b) diagram of the finite element model for the C1L lowcode 
building. 
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first eigenperiod with respect to C1L (Table 1) and that the collapse 
mechanism of the C3L model is the same as that in the C1L model, i.e., 
plastic hinge formation at the bottom and top of the ground floor columns. 
A detailed analysis of the contribution of masonry to period elongation or 
structural performance is beyond the scope of this study, and readers can 
refer to Refs. [6, 56] for further information. 
 
3. Framework for time-variant vulnerability and cumulative dam-

age state probability 
 

In order to estimate the probabilities of the damage states during an 
aftershock sequence, we consider the time-variant vulnerability of the 
buildings through Markov chain Monte Carlo simulations. The simula-
tions rely on the synthetic aftershock sequences, on the fragility curves in 
terms of period elongation, and on measurements of the period elonga-
tion. We consider two period elongation thresholds (Δ𝑇𝑇1 = 40% and Δ𝑇𝑇1 
= 60%) as the most critical values related to the damage state, according 
to post-earthquake observations [23, 24]. These values represent moder-
ate and substantial-to-very-heavy damage, respectively, and are used as 
performance levels for short-term decision-making in earthquake emer-
gencies, e.g., decisions regarding immediate occupancy. At the core of the 
framework is the estimation of the cumulative probabilities of exceeding 
the period elongation thresholds at a given time 𝑡𝑡  (𝑃𝑃 [40% < Δ𝑇𝑇1 ≤ 

60%](𝑡𝑡), 𝑃𝑃[60% < Δ𝑇𝑇1](𝑡𝑡)). Based on these estimations, the time-variant 
probabilities of the damage states are computed as probability incre-
ments during a predefined time-window. Fig. 4 shows a flowchart of the 
framework developed in this study, which is summarized below. 

Step 1. A probabilistic seismic demand analysis (PSDA) of the undam-
aged building model is performed using inelastic finite element time-his-
tory analyses. Herein, the probabilistic model is arbitrarily formulated us-
ing a ground motion bin approach [57]. Each bin consists of 15 synthetic 
ground motions, which are considered to be hazard-consistent, generated 
with SeismoArtif [58]. For each bin, a different magnitude-distance pair 
is considered, and the ground motions are simulated while considering a 
physical model (i.e, the specific barrier model) [59]. Subsequently, they 
are adjusted in the frequency domain so that the bin average is compati-
ble with the median spectrum for the bin’s magnitude-distance pair, as 
given by a ground motion prediction equation (GMPE). The GMPE is a 
model proposed by Ambraseys et al. [60], which has been used to assess 
the seismic vulnerability of RC buildings in Greece [61]. Periods in the 
[0.02 s–2.0 s] range are selected for spectrum-adjustment, i.e., more than 
twice the longest eigenperiod of the models herein. Moreover, the proce-
dure for adjusting the records leads to ground motions with reasonable 
variability. In particular, we consider the dispersions of the fragility 
curves, which reflect the variability of the selected ground motions 
(among other uncertainties). Specifically, the computed dispersions are 
similar to those reported by Kappos and Panagopoulos [62], who used the 
building models used herein. 

Step 2. The stiffness degradation of the structural elements is mod-
eled as a function of inter-story drift. First, the stiffness degradation ratio 
is defined as the ratio of the secant modulus (𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠) of the momentcurva-
ture loops resulting at each section along the length of the structural ele-
ments to the elastic stiffness (𝐾𝐾0 = 𝐸𝐸𝐸𝐸) of these sections. The stiffness 
degradation ratio used herein is equivalent to the stiffness reduction fac-
tors for concentrated plasticity hinges [63, 64], which are based on the 
secant modulus in moment-chord rotation loops. Specifically, the hinge 
stiffness reduction factors are estimated as a function of inter-story drift, 
as normalized to the yield chord rotation [65]. Fig. 5 shows the numerical 
results of the stiffness degradation ratio obtained for the bottom section 
of an outer column on the ground floor of the C1M low-code model. Sev-
eral assumptions are made: (1) similarly to [66, 67], power functions are 
computed for sections of the model’s beam-column finite elements, to es-
timate the stiffness variations along the structural elements; (2) the loca-
tion of the sections along the length of the elements is defined by the 

Figure 4. Flowchart of the proposed framework. Steps 1–4 are executed “offline”, 
i.e. before the mainshock, and steps 5-6 are executed immediately after the 
mainshock. 

Figure 5. Example of the degradation of stiffness using the moment-curvature hys-
teretic loops (left insert) at the cross-section at the bottom of the outer columns of 
the C1M low-code model for each input motion represented by crosses. The analyt-
ical equation is obtained by considering a bi-linear degradation model (continuous 
line) to fit the data. 
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Gauss-Legendre quadrature rule; (3) prismatic beam elements are used 
to model the damaged buildings, owing to the fact that the stiffness deg-
radation varies along the length of each element (e.g., more damage is ex-
pected to occur at the header and foot of a column than at the middle); (4) 
the cross-section dimensions remain constant from one section to an-
other for each element, regardless of variations in bending stiffness; and 
(5) the degraded stiffness in each section is computed with analytical re-
lationships estimated from the moment-curvature results (as given for 
the C1M low-code model in Fig. 5). 

Finite element models of the building with increasing stiffness degra-
dations are built using the power functions for the stiffness degradation 
ratio. For a given drift, the degraded stiffness values at the sections along 
each structural element are computed, and the corresponding model is 
built. One model is built for each drift in a series of drift values, e.g., from 
10-4 to 5·10-2. These models are used in modal analyses, to compute the 

period of each building at increasing levels of stiffness degradation. The 
elongation (Δ𝑇𝑇1) of the first eigenperiod of the degraded building (𝑇𝑇1,𝑑𝑑𝑑𝑑𝑑𝑑.), 
relative to the period of the original building (𝑇𝑇1,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜.), is computed as fol-
lows: 
 

Δ𝑇𝑇1 =
𝑇𝑇1,𝑑𝑑𝑑𝑑𝑑𝑑. − 𝑇𝑇1,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜.

𝑇𝑇1,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜.
 (3) 

 
Fig. 6 shows Δ𝑇𝑇1 with respect to the maximum inter-story drift, in the case 
of the C1L and C1M low-code building models configured according to the 
procedure described. We observe that, for the same inter-story drift, the 
period of elongation for the four-story C1M low-code model is lower than 
that for the two-story C1L low-code model. This makes sense based on 
engineering intuition, as the columns on the ground floor, where the most 
stiffness degradation is likely to occur, have bigger sections and addi-
tional reinforcement in the case of a four-story building. Therefore, for 
the same drift, we expect the columns of the four-story building to de-
velop less damage. The maximum inter-story drift values corresponding 
to Δ𝑇𝑇1 at 20%, 40%, and 60% are then obtained from Fig. 6 and are used 
as the damage state thresholds. Here, we consider that period elongations 
of 20%, 40%, and 60% correspond to the thresholds of slight, moderate, 
and heavy damage, respectively, based on [23, 24]. By applying the ana-
lytical relationships for the stiffness degradation at the element sections 
(Fig. 5), the stiffness of the element sections is computed for Δ𝑇𝑇1 at 20% 
and 40%. The buildings in the considered damage states are then mod-
eled using the degraded stiffness values corresponding to Δ𝑇𝑇1 at 20% and 
40%. Fig. 7 shows the degraded stiffness ratio in the case of the C1M low-
code model with 20% period elongation. For the sake of simplicity, the 
uncertainty in the stiffness reduction functions is not propagated analyt-
ically in the computation of Δ𝑇𝑇1 as a function of the drift or in the process 
of estimating the stiffness of the structural elements for each damage 
state. However, this uncertainty and the damage state threshold uncer-
tainty are considered by adding empirical components to the dispersion 
of the estimated fragility curves. 

Step 3. A PSDA is performed on the degraded building models for Δ𝑇𝑇1 
= 20% and 40%. The seismic response analyses for the PSDA for each de-
graded model are run successively and in a single-thread mode: on an In-
tel i7-4710HQ, this takes approximately 30 min, roughly equal to the time 
required for every undamaged model. The fragility curves are then com-
puted, giving the probability of each degraded building model to exceed 
the selected period elongation thresholds as a function of an intensity 
measure (IM). Although other IMs may correlate better with the struc-
tural response [68, 69], peak ground acceleration (PGA) has been used in 
operational post-event response systems for structural evaluation [1]. 
Therefore, the PGA is adopted as the IM in this study. The fragility curves 
are evaluated with the “Cornell Method” [70, 71], i.e., by fitting a linear 
function of the PGA in log-scale to the inter-story drifts. As an example, 
Fig. 8 shows the fragility curves corresponding to the probability to ex-
ceed the threshold of moderate damage (Δ𝑇𝑇1 = 40%) for the C1M low-
code undamaged building (Δ𝑇𝑇1 = 0%), and for the building model with 
slight damage (Δ𝑇𝑇1 = 20%). We observe that the probability of moderate 
damage is higher in the case of the model which has slight damage, as ex-
pected. This is generally observed, i.e., the fragilities of the building mod-
els for any period elongation threshold increase with increasing existing 
period elongation. 

Step 4. For each seismic event in the mainshock-aftershocks se-
quence, a random IM value is computed. Specifically, the IM value is a 
sample from a random variable with a median and standard deviation 
given by the GMPE for the seismic event. The fragility curves of the dam-
aged and undamaged building models are then used to compute the ele-
ments of Markov chain transition matrices [28, 29]. By using the Markov 
chain, we model a building during an aftershock sequence as a system go-
ing through a chain of states, with the hypothesis that every subsequent 
state depends only on the current state, as follows: 
 

Figure 7. Example of the ratio of the stiffness of the structural elements with varying 
cross-section properties to the stiffness of the corresponding elements in the initial 
C1M low-code building model (K/K0) for Δ𝑇𝑇1 equal to 20%. 

Figure 6. Period elongation (Δ𝑇𝑇1) of the building models as a function of maximum 
inter-story drift. 
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𝑇𝑇(𝑡𝑡𝑡𝑡) = �
𝑃𝑃11(𝑡𝑡𝑖𝑖)

0
𝑃𝑃12(𝑡𝑡𝑖𝑖)
𝑃𝑃22(𝑡𝑡𝑖𝑖)…

0
…
0

   
…
…

𝑃𝑃1𝑚𝑚(𝑡𝑡𝑖𝑖)
𝑃𝑃2𝑚𝑚(𝑡𝑡𝑖𝑖)…

…
…
1

� (4) 

 
In the above, 𝑇𝑇(𝑡𝑡𝑡𝑡) are the transition matrices, and 𝑃𝑃 is the probability 

of transition from the original state (first index) to the next state (second 
index). The elements in the last column are computed by: 

 
𝑃𝑃𝑗𝑗𝑗𝑗(𝑡𝑡𝑖𝑖) = 𝑃𝑃[𝐷𝐷𝐷𝐷(𝑡𝑡𝑖𝑖) = 𝑚𝑚|𝐷𝐷𝐷𝐷(𝑡𝑡𝑖𝑖−1) = 𝑗𝑗, 𝐼𝐼𝐼𝐼(𝑡𝑡𝑖𝑖) = 𝛼𝛼𝑖𝑖] (5) 
 
here, 𝑃𝑃𝑗𝑗𝑗𝑗(𝑡𝑡𝑖𝑖) is the probability of exceeding the threshold of the highest 
considered damage state (𝐷𝐷𝐷𝐷 = 𝑚𝑚) at the time of a seismic event (𝑡𝑡𝑖𝑖), 
given that the building is in a lower damage state (𝐷𝐷𝐷𝐷 = 𝑗𝑗, 𝑗𝑗 < 𝑚𝑚) at the 
previous time-step (𝑡𝑡𝑖𝑖−1). This value is equal to the value of the fragility 
curve of the building model in damage state 𝑗𝑗 for damage state 𝑚𝑚, consid-
ering the intensity measurement (𝛼𝛼𝑖𝑖). In other words, 𝑃𝑃𝑗𝑗𝑗𝑗 is equal to the 
probability of transition from damage state 𝑗𝑗  to damage state 𝑚𝑚  for a 
given 𝛼𝛼𝑖𝑖 . Subsequently, the elements of each matrix between the diagonal 
and the last column are computed by: 
 

𝑃𝑃𝑗𝑗𝑗𝑗(𝑡𝑡𝑖𝑖)
= 𝑃𝑃[𝐷𝐷𝐷𝐷(𝑡𝑡𝑖𝑖) = 𝑘𝑘|𝐷𝐷𝐷𝐷(𝑡𝑡𝑖𝑖−1) = 𝑗𝑗, 𝐼𝐼𝐼𝐼(𝑡𝑡𝑖𝑖) = 𝛼𝛼𝑖𝑖]
− 𝑃𝑃[𝐷𝐷𝐷𝐷(𝑡𝑡𝑖𝑖) = 𝑘𝑘 + 1|𝐷𝐷𝐷𝐷(𝑡𝑡𝑖𝑖−1) = 𝑗𝑗, 𝐼𝐼𝐼𝐼(𝑡𝑡𝑖𝑖) = 𝛼𝛼𝑖𝑖] 

(6) 

 
In Eq. (6), 𝑃𝑃𝑗𝑗𝑗𝑗(𝑡𝑡𝑖𝑖) is the probability of transition from damage state 𝑗𝑗 to 
damage state 𝑘𝑘, i.e., the probability of exceeding the threshold of damage 
state 𝑘𝑘 but not the threshold of state 𝑘𝑘 + 1, given that the building is in 
damage state 𝑗𝑗 (𝑗𝑗 < 𝑘𝑘). Both terms on the right-hand side of Eq. (6) are 
the fragilities for a given intensity measurement (𝛼𝛼𝑖𝑖), i.e., equal to the 
value of the fragility curves of the building model in damage state j for 
damage states 𝑘𝑘  and 𝑘𝑘 + 1, respectively. Finally, the diagonal elements 
are computed by: 
 

Figure 8. Examples of fragility curves for the C1M low-code model in terms of pe-
riod elongation according to [26]. Probability of period elongation corresponding to 
Δ𝑇𝑇1 > 40% at 𝑡𝑡𝑖𝑖  given that Δ𝑇𝑇1 = 0% (for the undamaged building model) or 20% 
(for a damaged building model) at 𝑡𝑡𝑖𝑖−1. 

Figure 9. Examples of cumulative probability of period elongation corresponding to 40% < Δ𝑇𝑇1 ≤ 60% after the time of the mainshock (𝑡𝑡 = 1) during synthetic aftershock 
sequences in the case of the C1L low-code model in a) Scenario 1 and b) Scenario 2, and the C1M low-code model in c) Scenario 1 and d) Scenario 2. 
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𝑃𝑃𝑗𝑗𝑗𝑗(𝑡𝑡𝑖𝑖) = 1 − 1[𝐷𝐷𝐷𝐷(𝑡𝑡𝑖𝑖) = 𝑗𝑗 + 1|𝐷𝐷𝐷𝐷(𝑡𝑡𝑖𝑖−1) = 𝑗𝑗, 𝐼𝐼𝐼𝐼(𝑡𝑡𝑖𝑖) = 𝛼𝛼𝑖𝑖], 
𝑖𝑖 = {1, … ,𝑛𝑛}, 𝑗𝑗 = {1, … ,𝑚𝑚} (7) 

 
here, 𝑃𝑃𝑗𝑗𝑗𝑗(𝑡𝑡𝑖𝑖) is the probability of remaining in damage state 𝑗𝑗 and not ex-
ceeding the threshold of damage state 𝑗𝑗 + 1 for a given intensity measure-
ment (𝛼𝛼𝑖𝑖), given that the building is in state 𝑗𝑗. As with Eq. (6), the second 
term of the right-hand side corresponds to the fragility. The elements be-
low the diagonal of the transition matrices are assumed to be equal to 
zero, i.e., it is assumed that transitions to lower damage states are impos-
sible. In other words, it is assumed that once the structural period has 
been elongated, its reduction is impossible. 

One transition matrix is computed for each seismic event of the 
mainshock-aftershock sequence, and one series of matrices is computed 
for each building model. As the value of the 𝐼𝐼𝐼𝐼 is different for each event, 
the Markov chain is time-inhomogeneous, i.e., the values of the elements 
of the transition matrix are time-dependent. The probabilities of the dam-
age states at the times of the seismic events are computed with a Markov 
chain with discrete time and space elements, as follows: 
 
�𝑃𝑃[𝐷𝐷𝐷𝐷(𝑡𝑡𝑛𝑛) = 1] …𝑃𝑃[𝐷𝐷𝐷𝐷(𝑡𝑡𝑛𝑛) = 𝑗𝑗] …𝑃𝑃[𝐷𝐷𝐷𝐷(𝑡𝑡𝑛𝑛) = 𝑚𝑚]� =
[1 0 … 0]∏ 𝑇𝑇(𝑡𝑡𝑖𝑖)𝑛𝑛

1 , 𝑖𝑖 = {1, … ,𝑛𝑛}, 𝑗𝑗 = {1, … ,𝑚𝑚} 
(8) 

 
In our case studies, zero values are assigned to all m elements of the initial 
vector, which is on the right-hand side of Eq. (8), except for the first ele-
ment of the vector, which is equal to 1. It is thus assumed that the building 
is undamaged before the mainshock. In a real application, it would be pos-
sible to define the initial vector based on measurements of the fundamen-
tal period of the building, i.e., considering the actual structural health. 
Moreover, it would be possible to update the assessments at a given time 
during the aftershock sequence. To do so, in addition to using the meas-
ured fundamental period to define the initial vector, the transition matri-
ces for the aftershocks after the given time should be used. 

 Step 5. The probabilities of the damage states computed with Eq. (8) 
are computed at the times of the seismic events. Therefore, their time-
step is variable, and depends on the time of the earthquakes within a se-
quence. Furthermore, the number and times of the seismic events in each 
synthetic catalog vary according to the ETAS algorithm. The computed 
probabilities are re-sampled with a constant time-step of 0.1 day. This is 
performed to compute the percentiles of the probability of each damage 

state as a function of time. Figs. 9 and 10 show the 5th, 50th, and 95th 
percentiles of the computed probabilities 𝑃𝑃 [40% < Δ𝑇𝑇1  ≤ 60%](𝑡𝑡) and 
𝑃𝑃[60% < Δ𝑇𝑇1](𝑡𝑡) in scenarios 1 and 2, respectively, for the C1L and C1M 
low-code models. The time of the mainshock is 𝑡𝑡 = 1.0 day. As expected, 
the highest accumulation of 𝑃𝑃[Δ𝑇𝑇1 > 60%] is during the first day, given 
that the seismicity rate decreases constantly with time (Fig. 2). 

Step 6. The final step of the procedure is described in Section 4. 
The slopes of the curves in Figs. 9 and 10 depend on the rate of after-

shocks and the rate at which the probability of period elongation is accu-
mulated in each Monte Carlo simulation. The increasing trends of 𝑃𝑃 [60% 
< Δ𝑇𝑇1](𝑡𝑡) (Figs. 9 and 10) are explained by the fact that the buildings may 
accumulate damage during the aftershock sequence. In addition, the 
curves become gradually horizontal over the course of time. This is be-
cause the rate of aftershocks reduces with time. 

There are cases where 𝑃𝑃 [60% < Δ𝑇𝑇1](𝑡𝑡) is higher than 𝑃𝑃[40% < Δ𝑇𝑇1  
≤ 60%](𝑡𝑡) (e.g., in the case of the C1M low-code model), i.e., the probabil-
ity of extensive damage is higher than the probability of moderate dam-
age. Moreover, there are cases in which the probability of damage states 
corresponding to light or moderate damage may decrease over time. Such 
cases include the 𝑃𝑃[40% < Δ𝑇𝑇1   ≤ 60%](𝑡𝑡) result for the C1L low-code 
mode in Scenario 1 (Fig. 9a). Such results may appear confusing, but they 
are coherent with the fact that damage states are mutually exclusive, i.e., 
a high probability of one damage state is accompanied by lower probabil-
ities of the other damage states. 

The cumulative probability of exceeding Δ𝑇𝑇1 = 60% also provides in-
formation on the probability of observing the damage level (based on the 
period elongation threshold) at a given time after the mainshock, as com-
pared with the damage expected owing to the mainshock alone. The ratio 
of the 50th percentile of 𝑃𝑃[60% < Δ𝑇𝑇1](𝑡𝑡) at the end of the scenarios, di-
vided by the value of the 50th percentile owing to the mainshock, is pro-
vided in Table 2. This ratio varies according to building model, from 1.92 
to 3.41 and from 2.10 to 2.34 in Scenarios 1 and 2, respectively. For both 
scenarios, this suggests that the aftershock sequence contributes signifi-
cantly to the probabilities of the final damage states. 

Moreover, the computation of 𝑃𝑃[60% < Δ𝑇𝑇1](𝑡𝑡) allows for the assess-
ment of the comparative seismic risk of the building models in the se-
lected scenarios. In the context of an operational framework for post-
earthquake risk management, such rankings are intended to help deci-
sion-makers prioritize actions for building classes. The building models 
are ranked in Table 3 according to their 𝑃𝑃[60% < Δ𝑇𝑇1](𝑡𝑡) results at the 
ends of Scenarios 1 and 2. A higher rank corresponds to a higher risk rel-
ative to the other building models. In both scenarios, the low-rise bare 
moment-resisting frame model (C1L) and the mid-rise shear wall model 
(C2M) are at the top and bottom of the ranking, respectively. The only 
difference between the scenarios is the position of the low-code C3L and 
C1M models, which switch between the 4th and 5th ranks. 

Interestingly, in Table 3, the C1M high-code model has a worse rank 
than the C1M low-code model. Both models are mid-rise models with bare 
frames; their only difference is the code under which they were designed. 
The high-code model has a worse performance according to this ranking. 
However, this should not lead to the conclusion that it is less safe. This 

Table 3 
Comparative risk ranking of the building models in Scenarios 1 and 2. 

Type Design level Rank  

  Scenario 1 Scenario 2 

C1L Low code 1 1 
C2L Low code 2 2 
C3L Low code 5 4 
C1M Low code 4 5 
C1M Moderate code 6 6 
C1M High code 3 3 
C2M Low code 7 7 

Table 2 
Ratio of the 50th percentile of the cumulative probability of period elongation 60% (𝑃𝑃[60% <  𝛥𝛥𝑇𝑇1](𝑡𝑡)) at the end of the aftershock sequences to the 50th percentile of 
𝑃𝑃[60% <  𝛥𝛥𝑇𝑇1] owing to the mainshock in Scenarios 1 and 2. 

Type Design level Scenario 1      

  50th percentile of 𝑃𝑃[60% <  Δ𝑇𝑇1](𝑡𝑡) Ratio 50th percentile of 𝑃𝑃[60% <  Δ𝑇𝑇1](𝑡𝑡) Ratio 

  tmain tend  tmain tend  

C1L Low code 0.3582 0.6912 1.93 0.0854 0.1796 2.10 
C2L Low code 0.3002 0.5751 1.92 0.0836 0.1754 2.10 
C3L Low code 0.0356 0.0954 2.68 0.0034 0.0076 2.21 
C1M Low code 0.0384 0.1059 2.76 0.0028 0.0064 2.26 
C1M Moderate code 0.0250 0.0748 2.99 0.0015 0.0034 2.29 
C1M High code 0.1367 0.3226 2.36 0.0173 0.0377 2.18 
C2M Low code 0.0152 0.0520 3.41 0.0011 0.0026 2.34 
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result may be explained by the differences between the philosophies of 
modern and old codes. In Greece and other countries, a behavior factor is 
used in building design with recent codes. This behavior factor leads to 
reduced design spectra with respect to the elastic code spectra. This im-
plies that, under the design loads, the buildings will most likely have an 
inelastic response. In the old code, an inelastic response was undesirable, 
and the design relied on strength. As an example, it is noted that the yield 
moment at the foot of the outer columns of the high-code model is ap-
proximately 2/3 of the yield moment at the same section in the low-code 
model. Recent codes aim to prevent collapse under the design loads by 
designing structural members with sufficient ductility to develop damage 
and thus absorb energy, thereby avoiding brittle collapse mechanisms. 
More ductility means more stiffness degradation and a higher period 
elongation before collapse. Therefore, the same amount of period elonga-
tion appears to correspond to different levels of damage in old and mod-
ern code buildings. In that respect, the ranking in Table 3 may be mislead-
ing with respect to the high-code model. A better ranking would be pos-
sible if the damage state thresholds were calibrated to reflect the same 
level of damage across all models. However, this is out of the scope of this 
article, and further investigation is required in this direction. 
 
4. Time-variant damage state probability and traffic light concept 

for decision-making 
 

The so-called “traffic light” model is often used for decision-making. 
It evaluates the safety of structures according to criteria related to their 
operability and occupancy, assigning each building to one of three cate-
gories: the tolerable zone (green), the intermediate zone (orange), and 
the intolerable zone (red). This strategy has already been applied for 

post-earthquake crisis management, which consists in visually inspecting 
buildings and classifying them according to occupancy safety based on an 
empirical expert appraisal [23, 24]. It has also been used for continuous 
and online condition-based solutions for structural aging [72]. Typically, 
the “traffic light” defines a “green” level as indicating that the buildings 
are safe, have no apparent damage, and can be occupied again, an “or-
ange” level as indicating that the buildings present all of the characteris-
tics of damaged buildings, but with a high level of uncertainty, and a “red” 
level as indicating that occupancy should be suspended immediately and 
the building demolished. Previous studies [23, 24] have shown the bene-
fits of experiment-based assessment of the fundamental period of struc-
tures in reducing classification uncertainties, particularly for the “orange” 
level. 

In our study, a period elongation-based red/orange/green “traffic 
light” scheme is proposed to classify buildings according to the estimated 
time-variant probabilities of damage states. A probability increment be-
tween 𝑡𝑡 and 𝑡𝑡 + 7 days [1, 7] (𝑃𝑃[40% < Δ𝑇𝑇1  ≤ 60%] (𝑡𝑡, 𝑡𝑡 + 7), 𝑃𝑃[60% < 
Δ𝑇𝑇1](𝑡𝑡, 𝑡𝑡 + 7)) is used to tag buildings, based on tolerable damage state 
probabilities. The 5th, 50th, and 95th percentiles of the computed probabil-
ity are considered for four tolerable annual rates (𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡) of damage state 
probabilities (Table 4), based on the performance levels selected for seis-
mic risk analysis. Silva et al. [73] proposes 5 · 10−5 and 10−4 as tolerable 
annual rates of collapse leading to loss of human life for low and moderate 
earthquake-prone countries, such as Greece (10−4 ). These values are 
adopted herein (𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡.1 and 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡.2) for low and moderate seismicity regions, 
respectively, as “human life safety” performance levels. 

The thresholds 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡.3  and 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡.4  correspond to the thresholds of the 
probabilities of structural failure for normal buildings and buildings that 

Figure 10. Examples of cumulative probability of period elongation corresponding to 60% < Δ𝑇𝑇1 after the time of the mainshock (𝑡𝑡 = 1) during synthetic aftershock se-
quences in the case of the C1L low-code model in a) Scenario 1 and b) Scenario 2, and the C1M low-code model in c) Scenario 1 and d) Scenario 2. 
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are part of critical infrastructure, respectively. Herein, these thresholds 
correspond to the Eurocode 0 [74] reliability classes RC2 and RC3. EC0 
does not specify tolerable rates of structural failure and exceedance prob-
abilities, but it does indicate an annual probability of failure, as follows: 
 
𝑃𝑃(𝑇𝑇 = 1𝑦𝑦) = Φ(−𝛽𝛽) (9) 
 

In the above, Φ is a cumulative distribution function of the standard 
normal distribution (mean 𝜇𝜇 = 0 and standard deviation 𝜎𝜎 = 1). The EC0 
recommended minimum values of the reliability index (𝛽𝛽) for the RC2 and 
RC3 structures are 4.7 and 5.2, respectively. Using Eq. (9), the tolerable 
annual rates of failure (𝜆𝜆𝑓𝑓𝑓𝑓𝑓𝑓,3  and 𝜆𝜆𝑓𝑓𝑓𝑓𝑓𝑓,4) are computed as equal to 10−6 
and 10−7, respectively. Finally, the four thresholds of tolerable risk, ac-
cording to the standard values for earthquake design and performance-
based assessment, are computed using a Poisson model as follows: 
 
𝑃𝑃(𝑇𝑇) = 1 − 𝑒𝑒−𝜆𝜆𝜆𝜆 (10) 
 
here, 𝜆𝜆 = 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡, and a time window 𝑇𝑇 of 475 years is arbitrarily assumed. 

This arbitrary selection is similar to the arbitrary selection of a tolerable 
level for the probability of collapse in 7 days in [7]. 

In the context of the proposed tagging scheme, tags are given based 
on the levels of the probability of damage states, with respect to tolerable 
probability thresholds. If there were no uncertainties in the estimated 
damage state probabilities, one would simply compare the probability of 
a damage state with its tolerable threshold. If the probability of the dam-
age state were higher than the tolerable threshold, then the red tag would 
be assigned. Otherwise, the green would be assigned. However, given the 
uncertainty in the estimated damage-state probabilities, tagging is con-
sidered possible after defining a level of confidence. Here, we arbitrarily 
select a 95% level of confidence. Therefore, when the 5th percentile of the 
probability of a damage state is higher than its tolerable threshold, the 
red tag is assigned. The green tag is assigned when the 95% percentile of 
the probability of a damage state is lower than its tolerable threshold. 
This leads to a period between the red and green tag periods, during 
which neither the red nor the green tag can be assigned according to this 
scheme. Throughout the period between the red and green tag periods, 

Table 4 
Tolerable risk thresholds used in the building tagging framework. 

Threshold Tolerable annual rate Tolerable 𝑃𝑃(𝑇𝑇 = 475 y) Element at risk 

1 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡.1 = 1 · 10−4 4.6 · 10−2 Structure and human life (moderate seismicity region) 
2 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡.2 = 5 · 10−5 2.4 · 10−2 Structure and human life (low seismicity region) 
3 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡.3  = 10−6 4.7 · 10−4 Normal structure (failure with moderate damage) 
4 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡.3  = 10−7 4.7 · 10−5 Critical structure (failure with moderate damage) 
 

Figure 11. Examples of probability of period elongation corresponding to 40% < Δ𝑇𝑇1 ≤ 60% between t and 𝑡𝑡 + 7 days during synthetic aftershock sequences in the case of 
the C1L low-code model in a) Scenario 1 and b) Scenario 2 and the C1M low-code model in c) Scenario 1 and d) Scenario 2. 
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the orange tag is assigned, as proposed in [1]. The orange tag marks a pe-
riod during which we cannot say if the probability of the damage state is 
higher or lower than its tolerable threshold, based on the defined level of 
confidence. 

At this point, it is worth elaborating on the tagging scheme. A red tag 
based on 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡1 and 𝑃𝑃[60% < Δ𝑇𝑇1](𝑡𝑡, 𝑡𝑡 + 7) signifies that the accumulated 
probability of human life loss owing to extensive structural damage be-
tween 𝑡𝑡 and 𝑡𝑡 + 7 days is intolerable. This assumption is justified if we 
consider that 𝑃𝑃 [60% < Δ𝑇𝑇1 ](𝑡𝑡, 𝑡𝑡 + 7) corresponds to the accumulated 
probability of period elongation corresponding to extensive damage be-
tween 𝑡𝑡 and 𝑡𝑡 + 7 days, and that the level of this probability exceeds, with 
95% confidence, the corresponding tolerable threshold. Similarly, a red 
tag based on 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡4 and 𝑃𝑃[40% < Δ𝑇𝑇1 ≤ 60%] (𝑡𝑡, 𝑡𝑡 + 7) means that the ac-
cumulated probability of moderate structural damage between 𝑡𝑡 and 𝑡𝑡 +
7 days is intolerable. In general, all building models are tagged green, re-
gardless of the tolerable damage-state probability thresholds, once a cer-
tain amount of time has elapsed since the mainshock; this time depends 

on the building model and the scenario. This happens because the rate of 
aftershocks reduces with time, and the accumulation of the probability of 
damage practically stops at some point. 

Current building tagging procedures typically give a tag which re-
mains unchanged. In the procedure herein, a tag may change from red to 
orange to green. It should be noted that current tagging operations are 
made with respect to safety during future earthquakes. The proposed tag-
ging procedure assigns tags are based on the tolerable damage state prob-
abilities and the accumulated damage state probability in 7 days. The se-
lection of a 7-day interval is arbitrary, and was adopted by Iervolino et al. 
(2014) [7], where the accumulated probability of failure in 7 days was 
computed. This interval can be tuned according to the decision-making 
context. For example, if decisions should be made based on the cumula-
tive earthquake risk over 3 days, then a 3-day interval should be used. The 
7-day interval means that tags are assigned with respect to the safety dur-
ing a 7-day window during the ongoing aftershock sequence. This also 
means that even buildings tagged red after the mainshock according to 

Table 5. 
Estimated time in days after the mainshock until the red (𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟) and orange (𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜) tag periods end in Scenario 1 (𝑀𝑀 6.5, 𝑅𝑅 10 km), according to the four tolerable risk 
thresholds considered in this study (see Table 4). 

Tolerable risk threshold (1)  (2)  (3)  (4)  

Building type Seismic design level 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟  (days) 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  (days) 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟  (days) 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  (days) 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟  (days) 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  (days) 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟  (days) 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  (days) 

C1L low code 0.1 7.9 0.1 17.5 0.1 54.8 0.1 210.2 
C2L low code 0.1 7.7 0.1 16.0 0.1 121.0 0.1 404.5 
C3L low code 0.0 1.9 0.0 3.7 0.1 210.2 0.1 533.3 
C1M low code 0.0 2.0 0.0 3.7 0.1 216.4 0.1 516.4 
C1M moderate code 0.0 1.7 0.0 3.2 0.1 210.9 0.1 442.4 
C1M high code 0.0 4.6 0.1 12.8 0.1 171.4 0.1 406.0 
C2M low code 0.0 1.7 0.0 3.1 0.1 215.6 0.1 535.0 

Figure 12. Examples of probability of period elongation corresponding to 60% < Δ𝑇𝑇1 between t and 𝑡𝑡 + 7 days during synthetic aftershock sequences in the case of the C1L 
low-code model in a) Scenario 1 and b) Scenario 2 and the C2L low-code model in c) Scenario 1 and d) Scenario 2. 
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the proposed tagging procedure will eventually be tagged green, when 
the rate of aftershocks drops to a level at which practically no damage 
state probability is accumulated. Moreover, a tag from the proposed pro-
cedure can coexist with a tag from current building tagging operations. 
For example, a severely damaged building would be tagged red by current 
building tagging operations. The same building would be tagged green by 
the proposed tagging procedure at the end of the aftershock sequence. 

Figs. 11 and 12 show the results of the operational damage state 
probability forecasting for different building classes and different perfor-
mance levels. As 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡1 and 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡2 refer to life safety and 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡3 and 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡4 refer 
to the probability of observing any structural failure, 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡1 and 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡2 are 
represented for 𝑃𝑃 [60% < Δ𝑇𝑇1 ](𝑡𝑡, 𝑡𝑡 + 7 ), and 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡3  and 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡4  are repre-
sented for 𝑃𝑃[40% < Δ𝑇𝑇1 ≤ 60%](𝑡𝑡, 𝑡𝑡 + 7). The time-variant probabilities 
of the damage states depend on the scenarios and building models. As ex-
pected, the highest probability of the two damage states is observed at the 
time of the mainshock. Subsequently, a rapid decrease of the 5th, 50th, and 
95th percentiles of the computed probability is observed on the first day 
after the mainshock, followed by a period of slower decrease. The end of 
the risk period corresponds to the moment when the percentiles of the 
computed probability drop to very small values (e.g., less than 10−5). The 
computed duration of this period is also highly variable, and depends on 
the building typology and the tolerable annual rate of damage state 
thresholds 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡. With these figures, decisions can be made based on the 
structure’s health as estimated on the basis of the period elongation, as 
measured using experimental data. 

Fig. 11 shows the computed 𝑃𝑃[40%< Δ𝑇𝑇1 ≤ 60%](𝑡𝑡, 𝑡𝑡 + 7), correspond-
ing to moderate damage, in the cases of the C1L and C1M lowcode building 
models in Scenarios 1 and 2. In all cases, this probability exceeds the toler-
able risk thresholds after the mainshock, with 95% confidence. These build-
ings are given a red tag with respect to moderate damage, as long as the 5th 
percentile of 𝑃𝑃[40% < Δ𝑇𝑇1 ≤ 60%] (𝑡𝑡, 𝑡𝑡 + 7) exceeds the considered tolera-
ble threshold. Of all of the cases in Fig. 11, the C1L low-code model in Sce-
nario 2 (Fig. 11b) is tagged red the longest with respect to moderate dam-
age. This seems reasonable, as the mainshock in Scenario 2 has a larger 
magnitude and more aftershocks are expected and given that the C1L low-
code model has fragility curves with higher values [29] than the C1M low-
code model. According to Fig. 11b, the C1L low-code building model is 
tagged red with respect to 𝑃𝑃[40% < Δ𝑇𝑇1 ≤ 60%](𝑡𝑡, 𝑡𝑡 + 7) for 2.9 days after 
the mainshock. This means that, over this period, moderate damage is fore-
casted for this building model, with 95% confidence. 

Fig. 12 presents 𝑃𝑃[40% < Δ𝑇𝑇1 ≤ 60%](𝑡𝑡, 𝑡𝑡 + 7) for the same models 
and scenarios included in Fig. 11. As in Fig. 11, the estimated probabilities 
for the C1L low-code model are higher than those for the C1M low-code 
model. Here, we focus on the duration of the orange tag, whose end signi-
fies that the aftershock sequence is no longer a safety concern. Moreover, 
the duration of the orange tag reflects the amount of uncertainties con-
sidered. For both building models in Fig. 12, the duration of the orange 
tag is longer in Scenario 1. This may seem counterintuitive, as in Scenario 
1, the mainshock magnitude is smaller, and less aftershocks are expected. 
However, the mainshock in Scenario 1 is closer to the building, leading to 
higher uncertainty with respect to aftershock distances, the intensities of 
the aftershock ground motions, the estimated 𝑃𝑃[40% < Δ𝑇𝑇1 ≤ 60%](𝑡𝑡, 𝑡𝑡 +

7), and, ultimately, the duration of the orange tag. 
Finally, Tables 5 and 6 summarize the time after the mainshock for 

the buildings to switch from red to orange (𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟) and from orange to green 
(𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜) for the four tolerable risk thresholds (λtoli, i = 1–4) for Scenarios 
1 and 2, respectively. With respect to 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡1, only the C1L and C2L models 
are tagged red for 0.1 days after the mainshock in Scenario 1. In Scenario 
2, the C2M model is tagged green after the mainshock based on 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡1 ow-
ing to the lower vulnerability of this model. For performance levels cor-
responding to 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡3 and 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡4, all building models are tagged red immedi-
ately after the mainshock, i.e., the probability of moderate structural dam-
age is intolerable at the beginning of Scenarios 1 and 2. In Scenario 2, for 
performance levels corresponding to 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡3 and 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡4, the buildings remain 
red-tagged for longer after the mainshock, with the length of time increas-
ing with fragility (e.g., 2.9 and 4.4 days for the C1L and C2L models for 
𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡4, respectively). The most striking observation from the results is the 
length of the orange tag period in most cases for this tolerable risk thresh-
old: for Scenarios 1 and 2, the orange tag period regarding moderate 
structural damage may exceed one year in certain cases. 
 
5. Conclusion 
 

In this study, we presented an operational framework to assess dam-
age risk and its variation over time during a seismic crisis. Our objective 
was to develop an underlying probabilistic framework to be used as an 
emergency decision support tool with respect to the integrity of struc-
tures damaged during a mainshock-aftershocks sequence. The originality 
of this underlying framework is in the use of fragility curves for damage 
state thresholds in terms of period elongation as a proxy for damage. This 
allows the structural period measurements during seismic sequences [23, 
24] to be used to define the initial state vector in the Markov chain com-
putation and to update the forecasts. 

The underlying probabilistic framework for the operational forecast 
of damage states is based on aftershock sequences for two mainshock sce-
narios in the vicinity of Thessaloniki. The operational earthquake fore-
casting during the aftershock sequences is provided by an ETAS model. 
The risk assessment is then completed by associating the spatiotemporal 
variation of the sequence’s events with the probable structural damage 
and levels of performance considered in this study with respect to mod-
erate damage or human life safety. 

This study confirms the major contribution of the aftershocks to the 
risk associated with each scenario. In Scenario 2, the median probability 
of Δ𝑇𝑇1 = 60% at the end of the aftershock sequence is more than twice the 
median probability for the mainshock for all considered building models. 
In Scenario 1, this ratio is equal to 3.41 in the case of the C2M low-code 
building model. An original framework is also proposed for assessing risk 
for decision-making processes during seismic crises based on a physical 
parameter for characterizing the level of damage in the structures, rather 
than an empirical visual screening approach. It is worth noting that there 
is room for further reduction of uncertainty in the results, i.e., mainly in 
the duration of the orange classification. For example, in the case of the 
C1L low-code building model, the duration of the orange tag is 17.5 days 

Table 6. 
Estimated time in days after the mainshock until the red (𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟) and orange (𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜) tag periods end in Scenario 2 (𝑀𝑀 7.0, 𝑅𝑅 30 km), according to the four tolerable risk 
thresholds considered in this study (see Table 4). 

Tolerable risk threshold (1)  (2)  (3)  (4)  

Building type Seismic design level 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟  (days) 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  (days) 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟  (days) 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  (days) 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟  (days) 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  (days) 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟  (days) 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  (days) 

C1L low code 0.0 4.8 0.0 8.2 0.4 204.3 2.9 674.1 
C2L low code 0.0 4.3 0.1 8.2 0.8 193.2 4.4 675.6 
C3L low code 0.0 0.1 0.0 0.1 0.1 19.3 0.1 136.5 
C1M low code 0.0 0.1 0.0 0.1 0.1 19.9 0.1 136.5 
C1M moderate code 0.0 0.1 0.0 0.1 0.0 13.0 0.1 73.8 
C1M high code 0.0 0.3 0.0 1.5 0.1 72.9 0.8 443.2 
C2M low code 0.0 0.0 0.0 0.1 0.1 14.4 0.1 99.2 
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with respect to the heavy damage state based on the tolerable risk thresh-
old 2. This uncertainty can be reduced by integrating more information 
on the seismic response of the structure, for example, by using higher 
modes or damping, by improving the levels of damage proportional to the 
period elongation, and particularly by selecting intensity measures as ef-
ficient and sufficient as possible in predicting the structure’s response. In 
particular, spectral values (e.g., spectral velocity) for integrating the pe-
riod elongation would significantly decrease the uncertainties [69]. 

In principle, the proposed framework is empirical. It uses measure-
ments of period elongation before and after seismic events, rather than 
building modeling. The use of fragility curves by building type is common 
in decision-making during an earthquake crisis. In this context, generic 
building models were chosen to evaluate the fragility curves in terms of 
period elongation. Based on the measured period elongations at a given 
time, updated assessments for the remaining aftershock sequence can be 
performed. In that case, the assessments should use an initial state vector 
defined based on the measured elongation and the events in the synthetic 
aftershock catalogs after the time of the determination of the period elon-
gation. The intent is to identify buildings that are considered unsafe once 
they exceed tolerable risk thresholds owing to all seismic events in a se-
lected time window. The developed framework is different and comple-
mentary to existing building tagging operations, as discussed above. 

The need for measurements is a sine qua non condition. This implies 
obtaining the periods of buildings before damage, or the more expensive 
option of using permanent instrumentation, which could be installed in 
certain critical structures. The continuous monitoring of the fundamental 
period during a seismic sequence can help assess the risk associated with 
vulnerability changes and the spatiotemporal distribution of the after-
shocks. Based on the variations in the vulnerability and estimated proba-
bility of damage, characterizing buildings with respect to performance 
levels is possible (e.g., immediate occupancy, collapse prevention). In this 
case, a real-time online algorithm could be developed using a solution like 
that proposed by Guéguen and Tiganescu [72] based on the traffic light 
concept. False alarms would have to be considered by integrating natural 
period variations and the slow recovery of the elastic properties after a 
seismic event, as reported by Guéguen et al. [75] and Astorga et al. [21]. 
Such elements could be incorporated into the developed framework and 
used to support decision-making with respect to recovery time. 
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