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Abstract. This article presents SPO2FRAG V1.0, the first (beta) version of the Static PushOver
to FRAGIlity software. The SPO2FRAG software is an interactive and user-friendly tool that
can be used for approximate, computer-aided calculation of building seismic fragility functions,
based on static pushover analysis. It is coded in MATLAB® environment and is currently under
development at the Department of Structures for Engineering and Architecture of the University
of Naples Federico Il. At the core of the SPO2FRAG tool lies the SPO2IDA algorithm, which
permits analytical predictions for incremental dynamic analysis summary fractiles at the sin-
gle-degree-of-freedom system level. By effectively interfacing SPO2IDA with a series of oper-
ations, intended to link the results of static pushover analysis with the variability that typically
characterizes non-linear dynamic structural response, SPO2FRAG provides an expedient so-
lution to the computationally demanding task of analytically evaluating seismic building fra-
gility, which would otherwise require a large number of non-linear dynamic analyses.
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1 INTRODUCTION

Seismic risk and loss estimation studies performed within a probabilistic framework employ
structural fragility (or vulnerability) functions, which provide the probability of exceeding some
predefined performance limit state in a single seismic event, given a certain level of seismic
intensity. In the case of structure-specific studies, the trend is to rely increasingly on analytical
derivation for these fragility functions. State-of-the-art in analytical fragility estimation is the
use of non-linear dynamic analyses — for example, incremental dynamic analysis (IDA, [1]),
the cloud method [2] or multi-stripe analysis [3]. However, despite the advantages of the ana-
lytical approaches over the damage probability matrices and empirical fragility curves em-
ployed earlier, their chief disadvantage remains the computational burden involved [4], which
may include the selection and manipulation of hazard-consistent ground motion records.'

In order to sidestep the computationally demanding methods of seismic structural assessment
that involve non-linear dynamic analysis, engineers have long relied on approximate methods,
such as static non-linear procedures, which estimate seismic demand of the structure by making
recourse to an equivalent single-degree-of-freedom (SDOF) oscillator [6]. A simple and effec-
tive link between IDA and static non-linear analysis has been provided by the SPO2IDA algo-
rithm [7], which acts as a predictive equation of the fractile IDA curves for SDOF systems with
multi-linear pushover curves. The SPO2IDA algorithm forms the backbone around which the
SPO2FRAG (Static Pushover to Fragility) tool, a MATLAB® coded software whose presenta-
tion is the objective of the present paper, is built. SPO2FRAG offers an expedient solution to
the analytical derivation of seismic fragility for buildings and can provide support to previously
developed seismic risk assessment software such as the one described in [8].

The remainder of this article is structured in the following manner: first a brief presentation
of past research most relevant to the development of the SPO2FRAG tool is provided. This is
followed by an operational description of the software itself, complete with a flowchart and
graphical user interface (GUI) description. Subsequently, an example application is provided,
accompanied by a comparison of the SPO2FRAG output with a set of fragility functions de-
rived by means of IDA. Finally, some commentary and discussion on development concludes
the article.

2 BACKGROUND

2.1 Static pushover to IDA

The most fundamental concept behind SPO2FRAG is the ability to predict efficiently IDA
results of a given SDOF system without having to actually run any analysis, a prediction
achieved thanks to SPO2IDA. On any monotonic static pushover curve (SPO), some character-
istic regions can be typically identified: an elastic portion leading up to the yield point, a post-
yield region characterized by positive stiffness (hardening) extending up to the capping point,
a descending branch exhibiting negative stiffness (softening) and sometimes even a final resid-
ual strength segment (Fig. 1a). Based on the observation that the 16%, 50% and 84% fractile
IDA curves of SDOF systems also exhibit distinctive characteristics within the ductility inter-
vals that delimit these SPO segments, the SPO2IDA algorithm was developed. SPO2IDA com-
prises a set of equations that can directly predict the three summary fractile IDA curves for any

!'It is appropriate to recall at this point that, in principle, fragility curves are site-specific. This is because the
records employed to run non-linear dynamic analyses should be selected based on the joint and conditional distri-
butions of hazard variables (e.g., magnitude, source-to-site distance, and accelerations) specific for the site. To
overcome issues of this nature, the software discussed in the paper assumes conditional independence of first-
mode spectral acceleration with respect to other hazard variables; see also [5].
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SDOF system, with a given quadrilinear backbone geometry; this introduces an approximation
but has the advantage of eschewing the need for laborious computations. An example of
SPO2IDA-predicted fractile IDA curves is given in Fig. 1b, where the predictions are compared
against the corresponding fractiles of explicitly calculated IDAs.
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Figure 1: (a) Generic SDOF oscillator’s quadri-linear backbone curve plotted in reduction factor (R, ratio of
maximum to yield force) — ductility (u, ratio of maximum to yield displacement) coordinates and (b) an example
of SPO2IDA-predicted 16%, 50%, 84% fractile IDA curves, super-imposed over the fractile and individual IDAs

calculated analytically for the same SDOF system using the FEMA P695 [9] far-field set of forty-four records.
Backbone geometry is defined by the parameters ax (post-yield to elastic stiffness ratio), p. (ductility at capping
point marking the beginning of the descending branch), a. (post-capping to elastic stiffness ratio) and p¢ (fracture
ductility.)

2.2 Multi-linear fit of the monotonic backbone curve

Another important part of the SPO2FRAG algorithm is the automatization of obtaining a
multi-linear backbone for the equivalent SDOF oscillator. As recently as — roughly — a decade
ago, the norm for the implementation of static non-linear procedures (e.g., [10]) used to be a
combination of simple elastic-perfectly-plastic or bi-linear hardening approximations of SPO
backbones coupled with R-pu-T relationships (e.g., [11]) that only consider some central value
of inelastic response. Under these circumstances, empirical “rules of thumb” for the multi-linear
fit chosen for the SPO may have been good enough, but this may no longer be the case.

Advances in computing power and the sophistication of numerical modelling, for the non-
linear aspects of structural behavior, have gradually led to SPO curves containing appreciable
initial curvature (in cases where cracking is a factor) and descending post-peak-strength
branches. In order to exploit the capabilities of more powerful R-pu-T relationships, such as
SPO2IDA, there is a need for an efficient fully quadrilinear fitting scheme of such elaborate
SPO backbones. A set of rules to that effect was proposed in [12], based on a study that em-
ployed IDA of SDOF systems with curvilinear and piece-wise-linear backbones.

2.3 SDOF to MDOF conversion of the fractile IDA curves

SPO2IDA can provide (an estimate of) the 16%, 50% and 84% fractile IDA curves of an
equivalent SDOF system, processing a piecewise-linear backbone curve derived from the SPO
of a given structure. The SDOF IDAs naturally come in reduction factor-ductility terms and
therefore, in order to relate these IDA curves back to the original MDOF system, a series of
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conversion operations are necessary (see Fig. 2). These conversions entail passage from non-
dimensional coordinates R - p to spectral acceleration — roof drift format, the possibility of
adding the response variability at the nominal yield point that the MDOF system experiences
due to the effect of higher modes (but is lost on its SDOF counterpart, [13]) and possibly a roof
drift to inter-storey drift conversion, since the latter is oftentimes better suited for the definition
of limit-state thresholds.

2.4 IM-based parametric fragility functions

The final output and stated objective of SPO2FRAG is the estimation of fragility functions
for building-type structures. A fragility function provides the conditional probability that a
structure will exceed a limit-state threshold (“fail”) in a single seismic event, given a certain
ground motion intensity measure (IM) level. If it is assumed that the level of seismic intensity
causing failure (or, equivalently, the capacity of the structure per limit-state in IM terms,
IM ¢ ) is a random variable that follows some specific model, for example the log-normal

distribution, determining the fragility function boils down to estimating the mean-of-the-loga-
rithm of capacity per limit-state, n , and the logarithmic standard deviation, § . This can be
seen in Eq. 1, where ®(e) denotes the Gauss function.

P[IM,., <im]= @(mim—_”j (1)

B

When the median and 16%, 84% fractile IDA curves are provided for the structure, one may
estimate these two parameters by adopting a threshold engineering demand parameter (EDP)
value (or probability distribution thereof) for each limit state — see for example Fig. 2c.
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Figure 2: (a) Example of SPO2IDA-predicted 16%, 50% and 84% fractile SDOF IDA curves in terms of reduc-
tion factor — ductility, (b)conversion to first mode spectral acceleration — inter-storey drift ratio, (¢) estimation of
fragility function parameters assuming a log-normal distribution for the seismic intensity level causing exceed-

ance of each limit-state threshold, IM,
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2.5 Model uncertainty in seismic structural response

SPO2FRAG simulates non-linear dynamic analysis via the SPO2IDA algorithm. Actual IDA,
using a deterministic numerical model of the structure, can provide an estimate of record-to-
record (aleatory) variability characterizing structural response. However, modelling parameters
(such as material properties, member geometry, mass distribution, etc.) may also exhibit their
own uncertainty, which will necessarily affect the distribution of IM. | . Furthermore, some

specific cases may violate some of the assumptions behind IDA to a certain extent, which can
also result in additional uncertainty infiltrating the results. One, very simple, approach towards
accounting for this additional uncertainty is to consider that the mean logarithmic capacity n

is itself a random variable, assumed, for example, normally distributed with a standard devia-
tion P (e.g., [14]). This additional parameter can be either obtained directly from relevant stud-
ies in the literature or estimated still via SPO2IDA [15].

3 SPO2FRAG, OPERATIONAL OUTLINE

3.1 Graphical user interface and flowchart

The SPO2FRAG software revolves around a GUI that allows the user prompt visualization
of all intermediate results produced by the various modules and sub-routines. The individual
modules that comprise the operational part of the software are the input interfaces, automatic
multi-linearization module, dynamic characteristics toolbox, SPO2IDA module, interfaces for
definition of limit states, their corresponding thresholds and any additional sources of uncer-
tainty, the fragility function module and the output post-processing module. A flowchart of
SPO2FRAG’s operation is presented in Fig. 3 and a more detailed description of the same is
given in the following paragraphs.

3.2 Data input, pre-processing and multi-linear fit

SPO2FRAG operates on the premise that the user performs the necessary SPO analysis using
outside structural analysis code. Thus, the entry-level part of the tool is the data input interface,
which reads SPO force-displacement results from either a text or a spreadsheet file. Preferen-
tially, SPO displacements at all stories are requested; this lateral deformation profile can then
be used by the program to internally calculate modal characteristics and convert maximum roof
drift to maximum inter-storey drift. In cases where only roof displacement - base shear results
are available in terms of SPO, the subsequent Dynamic Characteristics Input window will re-
quire vibration period, modal participation factor and participating mass ratio to be input by the
user, along with floor masses and storey heights.

Subsequently, user input is subjected to some rudimentary checks for consistency and/or
obvious errors and the roof displacement — base shear curve is then fed to the automated piece-
wise linear fitting algorithm. This algorithm allows for a full quadrilinear fit (elastic, hardening,
softening and residual plateau segments) based on [12], but the user may also request bilinear
or elastic-perfectly plastic fits (e.g., in cases where strength degradation was not included in the
numerical model of the SPO). The GUI windows and dialogue boxes relevant to this input
procedure can be seen in Figs. 4, 5.
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Figure 3: SPO2FRAG V1.0 flowchart.
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3.3 SPO2IDA and SDOF to MDOF conversions

Once data input is completed and a multi-linear fit of the SPO curve has been obtained, the
SPO2IDA algorithm is launched, providing the 16%, 50% and 84% fractile SDOF IDA curve
predictions in R-p terms. The SPO2IDA output is automatically converted into spectral accel-
eration — drift format, using the dynamic characteristics of the structure. In cases where the SPO
displacements at all storeys have been provided, the IDAs are converted in maximum intersto-
rey drift ratio (IDR) terms by default; otherwise, EDP is set to roof drift. Even in the latter case,
the user may still choose to convert to IDR, by selecting an appropriate approximation for the
lateral post-yield deformation profile.

After this operation, an issue pertaining to the MDOF IDA curves that remains to be ad-
dressed is the fact that the MDOF system should exhibit greater record-to-record variability
than its equivalent SDOF, due to the effect of higher modes of vibration. This additional varia-
bility is estimated by means of in-built empirical rules, injected at the nominal yield point and
propagated along the IDA 16% and 84% fractiles.

— Fragiity Curve Toolg—————————— Fractile IDA curves
Change IM Define T B ! ! I
and/or EDP Limit-States 25|02t BB o]

=)

‘ U ‘
| e IOn
SRR O SO O

Sa (T=0.54 8 (g

Include additional ~Estimate Fragility ' ;
variability Curves ; :
L 1 B g TEERE 4
e 7 ¥ § e %
f A i :
[\ 1Y SR /4% T SR S SO |
\ V4
/ o :
0
0 1 2 3 4
o
6, (70)
— o Y
B Define Limit State Thresholds [E=RE] s
il : = Median Val 8 iz Sh—
Thresholds of Limit State EDP Thresholds
Fully Operational B (%) 05
Limit State Tresholds—
Modity | Immediate Occupancy ] ) 07
A
L @ | Life Safet B g 8) 37
Detauk
Collzpse Prevention B ax (%) 2
Logarihmic Standard Devistion of
e median ilensity messure at collspse
1 interstorey | nlabal Dvnz anilin (%) 338
:I:'“’;'H:":n "LI-“—.:: Global Dynamic Instability B 1) | 3.38
B Truncation limits =
Truncated distnbution: n of st dm} Ok

Figure 6. GUI excerpt showing the approximate (predicted) fractile IDA curves after completion of SDOF to
MDOF conversion (upper panel) and window for the definition of limit states and limit-state-thresholds in terms
of EDP (lower panel).

3.4 Limit-states and handling additional uncertainty

By default, the SPO2FRAG tool recognizes four limit states: fully operational, immediate
occupancy, life safety and collapse prevention (see [16] for definitions). In cases where the SPO
exhibits a negative-stiffness, softening branch a fifth limit state, dynamic instability will appear,
corresponding to the IDA flat-lines. The user may also define more limit states via the GUI. In
all cases, the user must define thresholds in terms of EDP, which determine exceedance of each
limit state. Such thresholds need not be deterministic; the user has the option to treat them in a
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probabilistic manner, by assuming that some thresholds follow a lognormal distribution,
whereas the median and log-standard deviation of said distribution must be defined (Fig. 6).
In cases where the user wishes to include (additional) modelling uncertainty into the calcu-
lation, two alternative options are available in the relevant GUI panel. First option is to define
a logarithmic standard deviation 3, for mean logarithmic capacity n at one of the predefined

limit states. This additional uncertainty is then propagated along the IDA curves. The second
option is to consider some of the parameters that define the SDOF multi-linear backbone curve
as random variables. In this second case, it is possible for the user to define the variance of the
backbone parameters one wishes to treat probabilistically (log-normal distribution is assumed
where the median is by default taken as the value initially provided by the automated fitting
algorithm). Subsequently, Monte Carlo simulation is performed internally, where SPO2IDA
realizations are created by sampling from within the user-defined parameter distributions and
the IDA fractiles are updated accordingly.

3.5 Estimation of fragility curve parameters

Once the series of operations described above have been concluded, the fragility function
parameters per limit state can be estimated based on the resulting approximated IDA curves of
the structure. In the case of deterministic definition for the limit state EDP thresholds the loga-
rithmic mean n is taken simply as the logarithm of the median IDA value at each threshold

EDP level. The standard deviation 3 can be estimated as either the distance (in log-space) be-
tween the median and 84% fractile IDA or half the distance between the 16% and 84% fractile

IDAs, at the discretion of the user (the latter being the default option, Eq. 2).
n=mnIM>""

C,LS
[ IMZY [IM ] , or alternatively ()
:1/2-1n [t IS ]

C,LS
In cases where the user has defined a probability distribution for the EDP threshold, rather
than a deterministic value thereof, the parameter estimation procedure remains conceptually the
same. The difference lies in the fact that Eq. 2 is applied for a number of EDP threshold reali-
zations per limit state, sampled from the user-defined distribution and the final parameter esti-
mates are provided by Monte Carlo simulation.

4 EXAMPLE APPLICATION

4.1 Four-storey “modern code” RC frame

In order to provide a fully-worked example of SPO2FRAG usage, a four-storey, bare, rein-
forced concrete (RC), plane frame was employed. This frame belongs to a symmetrical building
designed under EN 1998-1 provisions in the context of a previous study (see [17] for more
details) and was modelled numerically using the OpenSees open-code, structural analysis soft-
ware [18]. Overall dimensions, member cross-sections, floor masses, shapes and periods of the
first and second vibration modes and the SPO curve resulting from a first-mode-proportional

2 Note that, for the sake of consistency limit state ranking (from milder to more severe) is adjusted automatically
by the software, based on the corresponding user-defined (median or deterministic) thresholds.
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lateral load profile are reported in Fig. 7. Inelasticity in the RC members was modelled follow-
ing the concentrated plasticity approach, with plastic hinges at members’ ends represented by
rotational springs featuring trilinear backbones and hysteresis loops exhibiting mild pinching
[19]. Concrete cracking was accounted for via the smeared crack approach of reducing the elas-
tic pre-cracking stiffness of each member according to axial load [20].
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Figure 7: Dimensions, member cross-sections, floor masses, first two modes of natural vibration and first-mode
SPO curve of the code-conforming four-storey RC frame used in the SPO2FRAG example application.

4.2 Example — fragility function calculation through SPO2FRAG

The SPO curve of the four-storey RC frame presented in the preceding paragraph is used as
input for SPO2FRAG:; displacements at all four diaphragms are provided via the input interface.
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Figure 8: GUI view after implementation of the SPO2FRAG tool for an eight-storey “high-code” bare RC frame.
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The roof displacement — base shear SPO is then subjected to a multilinear fit by the algorithm
based on [12] (resulting fit is visible in Figs. 7, 8 and the corresponding backbone parameters
in Fig. 4). Due to the availability of SPO results at all storeys, the only further input required,
prior to obtaining the SPO2IDA approximate IDA fractiles, are the storey heights and masses
(vibration period, modal participation factor and participating mass ratio are all calculated in-
ternally).

For this particular example, deterministic EDP thresholds (in terms of IDR) were assumed
for the calculation. Indicative IDR thresholds for each limit state were calculated based on the
acceptance criteria plastic rotation values for RC members found in [16]. A snapshot of the
GUI display at the conclusion of this SPO2FRAG run can be seen in Fig. 8.

5 SPO2FRAG VS. IDA

It is only natural that the reference solution for the SPO2FRAG software should be the rig-
orous IDA procedure, i.e., the very same computational result that the tool is meant to emulate.
Therefore, the same four-storey RC frame model that formed the basis of the preceding example
application was also subjected to IDA using a set of forty-four records (far-field set in [9];
acceleration recordings from twenty-two stations, both horizontal components used separately).
The resulting individual and fractile IDA curves can be seen in Fig. 9, in terms of both roof
drift ratio (RDR) and IDR. The corresponding SPO2FRAG output is superimposed for com-
parison.
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Figure 9: Comparison of SPO2FRAG approximated IDA fractiles with actual IDA results for a four-storey, high-
code, bare RC frame using as EDP (a) roof drift ratio and (b) inter-storey drift ratio.

It can be observed that the adherence of the approximate SPO2FRAG result to its analytical
counterpart is equally good for both cases of RDR and IDR, where the 50% and 84% fractile
IDAs are concerned, but less so for the 16% curve. One of the reasons behind this is the fact
that the shape of the SPO employed in this example (first-mode proportional lateral load profile)
was able to capture one of the more unfavorable failure mechanisms (see also [13]). A compar-
ison between the fragility functions resulting as SPO2FRAG output and those calculated by
means of IDA can be found in Fig. 10.

Another meaningful comparison that can be made between the IDA and SPO2FRAG results,
is between the annual rates of exceeding each limit state, 4,, as calculated by integrating the
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fragility functions from the two procedures with the hazard curve for a given site, according to
Eq. 3.

3)

m

Ays = [ P[IM 5 <im]|d4,
M

In Eq. 3 the notation 4, is used to signify the rate of exceeding a given IM value while for the

fragility function the notation introduced in Eq. 1 is followed. For this example in particular,
the seismic hazard curve for the site of Caivano in southern Italy (in terms of 5% damped spec-
tral acceleration at a period of 0.53s) was employed — Fig. 11. This hazard curve was calculated
using the software REASSESS [21]. For this calculation the seismic source zones model of [22]
was considered; Gutenberg-Richter [23] seismicity parameters for these zones were provided
by [24], [25] and the ground motion prediction model used was that of [26].

1
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Figure 10: Comparison of fragility functions generated by SPO2FRAG and the same fragility functions esti-
mated by means of IDA (see also Fig. 9). In both cases, the parameters of a log-normal (LN) distribution were
estimated (see Table 1).

The results of these calculations can be found in Table 1, along with the estimators of the pa-
rameters corresponding to the curves appearing in Fig. 10. The estimators of the log-mean ca-
pacity per limit-state, 77, correspond to taking the logarithm of the median IDA value for both

of the IDA and SPO2FRAG cases. The estimator for the standard deviation of the logs, £, in

the case of SPO2FRAG was the distance between the median and 16% fractile IM (see Eq. 2).
In the case of IDA S was taken as the sample moment estimator of the standard deviation. It

can be seen that the results display a reasonably good agreement between the approximate and
rigorous procedure on all accounts.

5973



Iunio Iervolino, Georgios Baltzopoulos, Dimitrios Vamvatsikos and Roberto Baraschino

10 S (T=0.535) (¢)

Figure 11: Hazard curve for an Italian site: annual rate of exceedance of 5% damped spectral acceleration at a
period of 0.53s (period of equivalent SDOF of the four-storey frame in the example application).

Limit state exp (77) exp (77) p p A A
(IDA) (SPO2FRAG)  (IDA)  (SPO2FRAG)  (IDA)  (SPO2FRAG)
Ftu 4 4
Operational 0456 g 0442¢  0.294 0.187 49-10 4.5-10
Immediate 0631g  0599¢ 0318 0269  20-10% 2.1.10°
Occupancy
Life Safety 0988 g 0972g  0.362 0.401 53-10°  6.6-107
Collapse s s
P . 1.260 g 1.308¢g  0.410 0.484 2.8-10 3.5-10
revention
Global Dynamic s s
Instability 1.590 g 1.584g  0.571 0.534 1.7-10 2.4-10

Table 1: Parameter estimators for the log-normal fragility functions of the illustrative example (see also Fig. 10)
and corresponding calculated annual rates of exceeding each limit state at a site in Southern Italy.

6 CONCLUSIONS

This article dealt with the introduction of the SPO2FRAG V1.0 software. It is an interactive
tool, coded in MATLAB® , that can be used for approximate, computer-aided calculation of
building seismic fragility functions, based on static pushover analysis. It was shown that
SPO2FRAG can provide a convenient and expeditious solution to the problem of analytical
calculation of building fragility functions, at least in cases where the basic assumptions behind
SPO analysis and IDA hold.

In a future, second version of the SPO2FRAG tool, whose development is currently under-
way, additional options are expected to be available. These additional features will include,
among others the possibility to manage input consisting of more than one SPO curve per struc-
ture (corresponding to either loads applied in two principal directions of a three-dimensional
structure, or different load patterns applied in the same direction — or both) and an in-built
library of deformation limits per limit state from the literature.
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