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Abstract

In order to estimate seismic risk at an urban level it is necessary to consider several sources of
uncertainty. However, the higher the uncertainties related to both structural modelling and
seismic hazard, the higher the computational time to extract reliable information to assess
seismic risk. Thus, simplifying the structural model significantly diminishes the computational
effort, allowing analyzing several building models in a fraction of time. In this sense, one of the
most simplified representations to approximate the horizontal dynamic response of a structure
is the Single Degree of Freedom system (SDoF). It allows calculating time-history responses
in an easy way, given a determined fundamental period and damping. Though, the response of
an SDoF does not consider neither the stiffness’ loss because of plastic damage nor the
participation of higher modes. Advanced intensity measures (IMs) look for addressing these
shortcomings by averaging spectral quantities around the fundamental period (T1) of the
analyzed building. Analogous to this approach, it is proposed to estimate the dynamic response
of a building by averaging the time history response of a set of SDoF systems with periods in
the interval (0.1T1, 1.8T1). The dynamic response associated with each of them has been
estimated by means of the dynamic equilibrium equation for SDoF systems. In order to verify
the efficiency of the proposed approach, it has been analyzed the dynamic behavior of
unconfined masonry. This structural type is very prone to damage during an earthquake, as it
has poor seismic performance. Observed damage and consequences of a catastrophic event
occurred in Colombia (1999) have been used to verify the methodological approach.
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1 INTRODUCTION

Seismic risk mainly depends on the capacity of civil infrastructure to withstand ground
motions produced by earthquakes. Current strategies to mitigate this mnherent risk to
society are oriented to improve design methodologies for new structures and to quantify
the expected performance of existing ones. In turn, mnovative technologies are
implemented day by day to improve this performance.

This research aims to characterize the wvulnerability and fragility of Unreinforced
Masonry Structures, URMM, by creating a simplified model that allows numerous
calculations to be performed in a short time. To this end, it has been decided to use the
combined response of a set of single-degree-of-freedom (SDoF) systems. This type of
model allows the time-history response of a structure to be approximated with less
computational effort. Specifically, to account for plastic damage and the mvolvement of
higher modes, the dynamic response was approximated by averaging the response of a
set of SDoFs around the fundamental period of the simulated structures [1]. This period
has been obtained through classical relationships in terms of power functions, which
depend on the height of the structure (see for instance Martins & Silva, 2021 [2]).

Once the structural models were obtained, the next step was to calculate engneering
demand parameters (EDPs), which can be used to obtain fragility curves. These EDPs
were estimated by assuming that the fundamental period of the structures varies
randomly. Then, clouds of IM-EDP points in log-log space were used to identify the most
efficient IMs. Based on these, fragility functions have been derived for the URMM
structure typology [3]; cloud analysis has been used to this end [4]. In short, a regression
lne is obtained from the IM-EDP relationship that is used to calculate the mean of a
parametric statistical distribution given an IM. The variation of this distribution is
estimated from the standard deviation of the bivariate distrbution (IM-EDP) set with
respect to the fitted curve, allowing estimating the probability of exceeding a given
damage threshold.

To validate the fragility curves obtained, two scenarios are proposed to estimate the
number of people that could be affected after a strong ground motion event. In the first
case, the simulation of the different structures is carried out with a participation factor
(PF)) variable according to the height of the floor, and in the second case, the PF, is kept
constant for all floors, as specified in Martins & Silva, 2021 [5]. After obtaining these
fragility curves, the number of people affected is estimated and compared with the data
observed after a real catastrophic event, such as the 1999 Armenia earthquake in the
coffee region of Colombia [6]. Based on these results, it has been analyzed which of the
two simulated scenarios presents a better fit with reality.

2 STRUCTURAL MODELLING

URMM typology has been and continues to be a dangerous solution to meet the need
for affordable housing in developing countries, especially in areas with moderate to high
seismic risk. In the specific case of Colombia, this type of housing is typical in urban and
rural areas and represents approximately 60% of the existing housing i the country. In
there, one can find URMM structures whose number of stories varies from 1 to 5; the
typical height is 2.4 m. This type of construction is very susceptible to damage during an
earthquake since it has a low seismic performance. Itis worth mentioning that sometimes
residents unintentionally increase this vulnerability by making mappropriate
modifications to their homes. These modifications are usually made to increase the size
of the dwelling. Historically, the mnhabitants of other countries in the world have also used
this typology, with the consequent increase in seismic risk [7]. In earthquake-prone areas,
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there are many regulations for new construction. In these areas, URMM dwellings are
generally forbidden due to its high vulnerability. Nevertheless, this type of construction
is cheap and is used by a significant number of families with lLimited resources. This
exacerbates the overall picture of seismic risk in Colombia [3].

2.1 Surrogate model based on the combined response of single degree of freedom
systems.

In order to analyze the expected damage of URMM buildings, it is necessary to
consider several sources of uncertainty [5,8]. However, the more complex the structural
model, the more computation time is required to extract reliable nformation from it.
Therefore, simplifying the structural model significantly reduces the computational
effort, allowing multiple building models to be analyzed in a fraction of the time.

In this sense, one of the most simplified representations of a building is an SDoF
system. This model has been extensively used to estimate the dynamic response of civil
structures [5]. It allows calculating time-history responses in an easy way, given a
determined fundamental period and damping. However, the response of a single SDoF
does not consider the loss of stiffness due to plastic damage, nor the participation of
higher modes.

In the development of advanced proxies based on seismic intensity measures (IMs) for
estimating engineering demand parameters, EDPs, these shortcomings have been
addressed by averaging spectral quantities around the findamental period of the building
model. Analogous to this approach, it is proposed to approximate the dynamic response
of a URMM building, in each principal direction, by averaging the time-history response
of a set of SDoF systems in the interval (0.17,, 1.874); where T, represents the
fundamental period of the analyzed building.

Thus, the dynamic response associated with each oscillator has been estimated by
means of the dynamic equilibrium equation for SDoF systems:

mil, (&) + c11, (O + ku,(®) = —mii,, (© 1)

where i, (t), i, (t), and u,, (t) are the spectral acceleration, velocity and displacement
time history responses of the SDoF i the n direction, respectively; gy (t) is the
acceleration ground motion; m, ¢, and k represent the mass, damping, and stiffhess of the
system, respectively. Thus, the spectral time history response of a building in the n
direction (x or y) can be estimated as follows:

14

i1, (©) = %Z T @
L

i, () = Ez e, T) &)
2

u,(® = 5; u(t,T) )

where T; are the components of a vector of ten periods equally spaced within the
mterval (0.1Tx, 1.8Tx) for the x and (0.1Ty, 1.8Ty) for the y directions. In this way, the
3D spectral time history response in terms of acceleration, velocity and displacement of

the simulated system has been estimated as follows:
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il () = /u§+u§ ®)
U (xy) =1/u§+u§ (6)
Uixy) = ’u,zc +u3 (7)

For the sake of simplicity, it has been omitted to write explicitly the dependence of the
response variables on time in these equations.

2.2 Maximum global drift ratio as EDP

Several EDPs can be extracted from the averaged time-history responses described in
the previous section. For example, the maximum global drift ratio of a structure, MGDR,
which is an EDP that is widely used in seismic risk estimation using the capacity spectrum
method [9], can be estimated according to the following equation:
max (U(yy))

. ®

MGDR = PF,

where PF, is the load participation factor [10]; H is the height of the buiding.
Regarding PF,, it has been assumed that this variable is a function of the number of stories

as depicted in Figure 1.In summary, PF, = (% + 0.9), where N, represents the number

of stories.

=

PF1-1 | PF1-11 | PF1-12 ' PF1-13 | PFl1-14

Figure 1: Variation of PF, depending on the higher of stories.
3 SEISMIC HAZARD CHARACTERIZATION

3.1 Database of ground motion records

Figure 2 shows the classification of the Colombian territory mto three levels of seismic
hazard: high in red, medum in yellow, and low in green. These were determined based
on historical and instrumental seismic nformation provided by the National
Seismological Network.

In this research, a compilation has been made of'the ground motions recorded between
1993 and 2017, with a magnitude greater than 4.0 Mw within Colombia. These records
have been extracted from the SGC [11]. A total of 1992 records have been obtained,
which have been used to make better statistics, reduce the uncertainty of the data, and
provide a better adaptation to the seismogenic conditions of the Colombian territory.
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Figure 2: Colombian Seismic Hazard map for PGAs (Image taken from SGC) [11]

The ground motion records were divided into two groups according to the ground
conditions in which they were acquired. The first corresponds to signals recorded on
bedrock, from which atotal of 1236 records were identified. The second group are signals
recorded on less rigid ground, with a total of 756 records. For both types of records,
environmental noise and other disturbances that could affect the quality of the signal were
identified and corrected. A MATLAB code was developed for this purpose. Figure 3
shows the geometric mean of the horizontal spectra of the resulting ground motion
records.
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Figure 3: Spectra of the selected records. Above: Geometric Mean Spectra of the horizontal components
(Left: Rock Right: Soil). Bottom: Median (Left) and percentile 95 (Right) of the entire set of spectra

3.2 Scaling ground motion records

In this article, seismic risk has been quantified in a probabilistic manner. Therefore,
fragility functions based on the cloud analysis have been derived [4]. This methodology
requires obtaining pairs of points that represent the seismic hazard (in terms of IMs) and
the structural response (EDPs). These points have been obtained through time-history
analysis by considering uncertainties in the structural modelling. Consequently, the
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seismic hazard has been characterized by using a probabilistic set of ground motion
records.

There are several methodologies to scale ground motions from a database [12].
Typically, the goal is to find a significant set of records leading the structure to multiple
performance levels. However, as indicated by the well-known Richter's law, the number
of high-intensity ground motion records is much smaller than the number of low-intensity
ones [13]. To mitigate these issues when employing cloud analysis, the procedure
employed in Vargas-Alzate et al, 2022 [14] has been used for selecting and scaling
(where necessary) ground motion records. In short, this procedure attempts to scale a set
of data sets uniformly across a series of intervals of increasing intensity with the goal of
minimizing the scale factor. To do so, an IM identified as AvSa is considered herein to
perform the selection and scaling of the records. Note that AvSa is calculated as the
arithmetic mean of spectral acceleration values around the fundamental period of the
analyzed system. Moreover, because ofthe 3D approach in modelling, AvSa is calculated
from the geometric mean of the horizontal spectra.

The period range for averaging the spectral ordinates of the IM should be established
from the dynamic properties of the entire population of buildings [1]. Accordingly, this
range has been set at (0.1-0.71) sec. This period range will be justified in the next section.
The intensity levels defining the upper and lower limits of each band range from 0.2 to
2.0 g at mtervals of 0.2 g (ie., 10 bands have been defined).

Thus, the horizontal components of 1000 ground motion records acquired at the
bedrock (100 per band) have been obtained from the seismic database whilst 700 (70 per
band) for those recorded at soil. Figure 4 shows the geometric mean spectra of the scaled
records.
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Figure 4: Scaled ground motion records (Left: Rock; Right: Soil)

4 FRAGILITY ASSESSMENT

Characterization of fragility is an important step in the probabilistic assessment of
seismic risk. This section describes the development of fragility functions for the URMM
housing typology. As mentioned above, these functions are derived from the dynamic
response of SDoFs subjected to a large number of ground motion records from Colombia.
The resulting fragility functions were compared with those proposed for this typology in
previous research [5]. The derived set of functions has been used to assess the number of
mjuries due to earthquakes.
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4.1 Intensity measures

IMs are parameters extracted from ground motion records. The most important
property expected from IMs is their effectiveness i predicting EDPs. Ideally, an IM
should contain enough information about the ground motion so that the structural
response can be predicted with confidence. An IM that exhibits efficiency could
potentially reduce the number of structural calculations in urban earthquake risk
assessments. Several of the IMs used in this work are taken from those used in [15]. They
have been used to predict the MGDR described in section 2.2.

4.2 Random characterization of the fundamental period of the analysed models
(Ty)

Due to the probabilistic approach followed in this article, it is of paramount importance
to generate a set of fundamental periods representing the analyzed typology. To do this,
one can take advantage of classical relationships between the evolution of the
fundamental period of the analyzed systems and a physical variable representing the
height of the structure [2]. For the case of study, it has been considered the following
formula to relate the fundamental period vs the height of the structure [8]:

T1 — Ch * H0.75 (9)

For the orthogonal direction (7,), it has been assumed that the period value is obtained
as a random fraction of T,, which varies uniformly mn the nterval 0.75-1. To consider
possible uncertainties in the characterization of T,, it has been considered that C; in
equation (9) is a random term that depends on the type of structure. In the case of URMM
typologies its average value is 0.09 and it has been assumed a coeflicient of variation
equal to 0.12. Figure 5 shows ten thousand realizations of T; according to the procedure
described above. It can be seen the good agreement between the expected value of the
generated models and equation (9).

+  Generated dala
—T =0.09"H"™®

_ P_E:rlod (s)

He‘.gﬁt (m)

Figure 5: Relationship between T, and H

Once both set of periods (T; and T,) have been derived, the procedure described in
section 2.2 has been applied to estimate MGDR as a random variable. Note that this
calculation was performed for both types of ground motion records (recorded rock and
soil locations). Since the number of generated models (ten thousand) significantly
exceeds the number of ground motion records (one thousand and seven hundred for rock
and soil, respectively), a random pairing between records and realizations of T, has been
performed. In this way, the same ground motion record can be paired several times with
realizations of T;. Thus, the MGDR obtained for both type of records has been correlated
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with the IMs described in [15]. Figure 6 and Figure 7 show these relationships in the log-
log space for ground motions recorded on Rock and Soil, respectively.

4.3 Efficiency

In this study, IM-EDP relationships have been characterized by means of nonlinear
regression analyses in the log-log space. In this sense, the following general linear least-
square model allows several types of regression:

m+1
y= ) @iz te (10)

i=1

where «,, a4, ...a,, are the coefficients providing the best fit between model and data;
Zy, Z4, -..Zy, are basic functions; & represents the residuals. It can easily be seen how
polynomial regression falls within this model. That is, z, = 1, z, = x, ...z, = x"™[16].
Note that other nonlinear relationship can be used as z. Substituting in equation (10) y =
InEDP and z;_, = (InIM)""1, the linear least-square model using polynomial finctions
can be used to extract statistical information from IM-EDP pairs according to the
following equation (11):

m+1
InEDP = Z a;_; AnIM)*"t + ¢ (11)

i=1
For m=2, equation (11) adopts the following quadratic form:
InEDP = a, + a; InUM) + a, In(IM)? + ¢ 12)

where @, a; and a, are scalars maximizing the coefficient of determination, R?,
between IM-EDP pairs. This variable is generally used to quantify efficiency when
analyzing IM-EDP pairs (see for instance Ebrahimian et al. 2015 [17]). For a perfect fit,
R?=1, signifying that the quadratic finction explains 100% of the data variability. R? is
used herein to provide an estimation of the variability when analyzing relationships
involving IM-EDP pairs. That is, the higher R? the lower the variability when predicting
some EDP given an IM. Consequently, the IM providing the highest R* will be the most
efficient one, in the sense that it allows reducing the variability in seismic risk estimations.

4.4 Derivation of fragility functions

From a set of IM-EDP pairs, one can derive fragility functions according to the so-
called ‘cloud analyses approach [4]. This methodology requires calculating the best fit
curve between a set of IM and EDP realizations in the log-log space. The resulting curve
is used to estimate the mean value of a parametric statistical distrbution, given an IM
value. The variability of this parametric distribution (S, ) is estimated as the standard
deviation of the IM-EDP residuals with respect to the fitted curve. In this way, the
probability of exceeding a certain damage threshold can be calculated. These thresholds
are realizations of the engineering demand parameter under consideration, EDPc.
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In this study, four damage states are considered, ranging from slight to complete damage;
they are calculated by means of equation (13) to (16):

DS1 =0.75Sd, (13)
DS2 =0.50Sd, + 0.33 Sd,, (14)
DS3 =0.255d, + 0.67 Sd,, (15)
DS4 = Sd, (16)

In these equations, Sd,=0.12% (yielding displacement) and Sd, =0.55% (ultimate
displacement); these limits are obtained from [8,18-20]. Table 1 shows the calculated values
according to equation (13)to (16).

Slight Moderate Severe Complete
(DS1) (DS2) (DS3) (DS4)
Damage threshold 0.0009 0.0018 0.0039 0.0055

Table 1: Damage thresholds for URMM [5]

In this manner, fragility functions presented in Figure 8 have been derived by considering
the damage thresholds shown in Table 1. It can be seen in these figures that fragility functions
derived from records acquired on Soil tend to provide higher probabilities of damage. AvSv
has been selected to derive these curves based on the average efficiency to predict the MGDR
(see Figure 6 and Figure 7). In fact, this IM has been used not only to develop fragility
functions for several damage thresholds but also to estimate the number of affected people
according to Hazus 99 [21].

4.5 Validation of the fragility function

In order to validate the proposed methodology, a comparison has been made with fragility
curves obtained i previous research for a similar structural typology [5]. Specifically,
fragility curves derived for one-story URMM building have been extracted from this
research. However, such curves have been obtained with respect to the spectral acceleration
m a fundamental period equal to 0.3 seconds. In addition, it is worth mentioning that these
curves consider that PF, is equal to 1.4. This differs from the hypothesis presented mn this
research regarding the evolution of PF, (see Figure 1). In spite of these differences, fragility
functions based on Sa(T1) have been calculated obtained considering the one-story simulated
models.

From these data, two set of fragility functions are established to calculate damage
probabilities. In the first case, it is assumed that the PF, is variable as a function of story
height, as shown in section 2.2. In the second scenario, it is assumed that PF; = 1.4 and is
constant for all the buildings. Figure 9 shows the curves obtained with the current model and
the curves referred in Martins & Silva, 2021 [5]. It can be observed that, for the case 1 (left),
the curves obtained with the current model exhibit a good fit with the reference ones for the
slight and moderate damage states. For the severe and complete damage, the presented model
provides lower probabilities of exceedance.
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For the second case (right), it can be observed that the modelled curves for the slight and
moderate damage states show atendency towards higher probability values whilst for severe
and complete a good fit is observed.
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To verify the performance of the fragility curves obtained, a comparison is made with a
real disaster scenario such as the 1999 Armenian earthquake m Colombia [6]. Therefore, an
evaluation is made between the real number of victims observed in the Armenia disaster and
the number of victims simulated from the two hypotheses regarding PF; presented above.
This allows to determmne whether the developed model adapts to the real conditions of the
affected area. Because of the soil conditions of the affected area, fragility functions derived
for soil conditions have been employed. It is worth mentioning that the number of men
reported suffering injury level 4 was equal 573, whilst on the women’s site, this number was
731. In addition, the most affected structural typology during this catastrophe was URMM.

The most representative ground motion record of this earthquake was acquired at the
Cordoba station. This record has been used as reference to estimate the expected intensities
in terms of AvSv and the geometric mean spectrum. From this spectrum, AvSv= 0.617 n/s
(the period mntervals between 0.04 and 0.7 sec have been used to estimate this IM). The data
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on the population affected by this earthquake are taken from the DANE report [6], which
states that during the state of emergency a total of 1304 deaths and disappearances were
reported for the city of Armenia.

To estimate the number of people having mjury level 4 by using the numerical approach
of this research, the AvSv value (ie. AvSv=0.617 mvs) is used to estimate damage
probabilities. Based on this, the probability of occurrence of each damage state is estimated
from the fragility functions presented in Figure 8, for records on soil (see Table 2).

Slight Moderate Severe Complete

Probability of occurrence 0.068 0.2357 0.2416 0.4543

Table 2: Probability of occurrence of each damage state given that AvSv=0.6 m/s

Based on these probabilities, and by considering that 214388 were the number of
mhabitants i the city of Armenia for that time, Figure 10 shows a summary of the number
of affected people discretized by gender and mjury level. Also, this figure shows the results
obtained for the two cases considered for validation. For the first case (Left), the number of
affected people with mjury level 4 is 1135.8. For the second case (Right), a total of 1394.6
suffered injury level 4.

[ Iwomen N, Women N, 'Wormen N, [ Iwomen Ny
I Men ' Bl ven 2 I Men 1 [ men 2

Women N, Women N, [lwomen N, [ Iwomen N,
[ Men 3 [ Men 4

- I
Wyt hﬂﬂmﬂw'ﬂlﬂﬂ

6321

iy

Figure 10: Simulation of the number of affected people in the Armenia’s catastrophe. Left (Scenario 1):
assumed that PF, is variable as a function of height. Right (Scenario 2): assumed that PF; = 1.4 is constant
for all heights.

If the total number of casualties, calculated from the simulations (Case 1: 1135.8 people;
Case 2: 1394.6 people), is compared with those presented in the DANE’s report (1304
people) [6], it can be seen that the second case provides values more similar to those reported
for the disaster zone. However, it must be considered that the generated data are based on
URMM typology, and they do not reflect other factors that trigger variations, for example,
other typologies that are less frequent but more prone to damage can modify this estimate. In
this case, data on the number of inhabitants living in different types of family housing should
be included in the analysis. In the DANE’s report [6], it can be seen that this typology
(URMM) was not the only one that collapsed, so it would not be appropriate to attribute all
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the risk to this typology. In line with the above, it is decided to opt for the first hypothesis,
as it presents more conservative values that are more in line with this scenario. Anyhow, both
hypothesis (Case 1 and Case 2) provides very satisfactory results.

5 CONCLUSIONS

For this study, a highly vulnerable structural typology (URMM) has been studied. Note
that despite the high vulnerability of'this typology, it is present in most countries of the world.
In fact, several global earthquake-related catastrophes may be associated with the use of this
type of vulnerable housing [3].

A fragility model based on the contribution of several SDoF systems, whose vibration
periods are around the fundamental one for this typology, has been developed i this research.
To do so, a set of ground motions recorded in Colombia has been used to represent seismic
hazard. The cloud analysis has been employed to derive the fragility functions [4]. Based on
these curves, the expected risk in terms of injuries has been estimated for two cases, one for
a PF, variable as a function of the number of stories and another one assuming that PF;
remains constant. Then, the Hazus methodology has been applied to assess the expected risk
in terms of number and severity of mjured [21]. The results were compared with the data
obtained after the Armenia disaster [6] and it was found that although the two cases produced
congruent and farrly accurate data, Case 1 presents the most conservative data. The variation
can easily be attributed to various external factors such as other types of structures that could
potentially fail and have not been considered.

It was also possible to estimate the influence of soil conditions on the quantification of
expected risk. It has been observed that the expected risk increases when records obtained
from soil sites are used in the calculation. This can be explained by considering the results
shown in Figure 3. That is, the spectral ordinates are higher in soil than in rock records when
comparing the same percentiles of the analyzed data. This difference becomes more evident
as the percentile increases.

In terms of future research activities, it will be mteresting to recalculate the fragility
functions by disaggregating the results based on the number of stories. It is expected that
results based on this classification will be more reliable. In addition, it has been observed that
IMs based on energy are more efficient than those based on acceleration (at least when the
entire set of models is considered simultaneously). Regarding the structural typology
analyzed, it has been confirmed its low performance in front of ground motion records
induced by earthquakes. Further research should be oriented to provide arapid and economic
solution to diminish the vulnerability of this type of structures.

This research should not stop here. Note that the proposed model easily allows the
implementation of new structural typologies if relationships between the fundamental period
and the height of the structure are available. In this sense, most of the existing typologies
have this information [2].
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