
1 INTRODUCTION 

Engineers designing structures must work with incomplete and imperfect models (Ditlevsen and 
Madsen 1996; Der Kiureghian and Ditlevsen 2009). In standard design situations, safety provi-
sions in codes (e.g. Eurocode 0) implicitly account for these uncertainties.  However, for more 
advanced design procedures that are not covered by the code, e.g. when dealing with non-linear 
dynamic problems, the engineer must explicitly address this uncertainty. A special case of mod-
el uncertainty arises when time domain analysis is applied for determining the extreme response 
under wind loading: The statistical uncertainty due to a limited duration of the dynamic simula-
tion. As will be shown in this paper, this uncertainty can be considerable for realistic design sit-
uations. 

In Eurocode 0, reference to this type of uncertainty is made in paragraph 5.2, which deals 
with design assisted by testing: “The statistical uncertainty due to a limited number of test re-
sults shall be taken into account.” The informative annex D of Eurocode 0 provides some addi-
tional guidance on how to deal with the uncertainty, but specific recommendations are made on-
ly for the case of resistance variables that have the Normal or Lognormal distribution. (The 
recommendations are based on, among others, work by Rackwitz (1983).) No detailed guidance 
is provided for the case where design values for load actions or load effects are determined 
based on limited samples, e.g. from a time series that is obtained either by numerical simulation 
or experiments (e.g. wind tunnel testing). To propose a criterion and a procedure for dealing 
with the statistical uncertainty in these cases is the goal of the present paper.  

We discuss the uncertainty and propose a reliability-based approach to account for it in a 
semi-probabilistic design format. A quantitative relation between the computational efforts 
made in design and the additional safety required is established. Numerical investigations are 
performed for large membrane structures analyzed by means of Fluide Structure Interaction 
(FSI) simulation (Michalski et al. 2011). 

 

Designing for wind actions based on time-domain analysis: 
Accounting for statistical uncertainty  

Daniel Straub, Iason Papaioannou  
Engineering Risk Analysis Group, Technische Universität München 
straub@tum.de, iason.papaioannou@tum.de 

Alexander Michalski 
SL-Rasch GmbH, Stuttgart, alex.michalski@sl-rasch.de 

ABSTRACT: Engineers designing structures must work with incomplete and imperfect models. 
In standard design situations, safety provisions in codes implicitly account for these uncertain-
ties.  However, for more advanced design procedures that are not covered by the code, e.g. 
when dealing with non-linear dynamic problems, the engineer must explicitly address this un-
certainty. A special case of uncertainty arises when time domain analysis is applied for deter-
mining the extreme response under wind loading: The statistical uncertainty due to a limited du-
ration of the dynamic simulation. In this paper, we discuss this uncertainty and propose a 
reliability-based approach to account for this uncertainty in a semi-probabilistic design format. 
A quantitative relation between the computational efforts made in design and the additional 
safety required is established. Numerical investigations are performed for large membrane struc-
tures analyzed by means of Fluide Structure Interaction (FSI) simulation. 



2 DE
SUBJ

2.1 S

The r
loads
load 
ampli
struct
and th
 

Figure
 
Comm
do no
struct
nume
studie
ing st

2.2 C

The c
the fl
it is 
struct
ear st
tures,
 

Figure

ETERMININ
JECT TO W

Structural an

reliability of 
s due to thei
combined w
ifications of
tures is highl
heir distinct 

e 1. Medina P

mon method
ot fully cove
tural elemen
erical tools –
es (Michalsk
tructural ana

Computation

complete sim
luid–structur
possible to 
ture interacti
tructural beh
, and of the s

e 2. Computat

Wind 
generation

Com

Wind load s

NG THE EX
WIND LOAD

nalysis  

membrane s
ir large surfa

with wide spa
f the structur
ly complex d
structural int

Piazza Shading

ds in wind en
er non-linear

nts and the in
– developed
ki 2010, Mich
alysis approac

nal wind eng

mulation met
re coupling s
examine all 
ion (FSI) sim

havior at the r
stochastic wi

tional Wind E

CFD

Flow analysis

PAM Flow

S

pressure/ frictio

deflection

mputational Wind Engin

simulation

XTREME RE
S 

structures (e.
ace-to-mass 

ans and low p
ral response
due to their s
teraction wit

g Project, 26m

ngineering p
r structural 

nteraction of 
d and validat
halski et al. 2
ches and are 

gineering met

thodology, c
simulation, is

aspects of 
mulation meth
real scale, w
ind excitation

Engineering M

CSD

Structural analysis

PAM Crash

on

n

neering Methodology

Structural response sim

ESPONSE OF

g. Figure 1)
ratio and th

pre-stress lev
. The assess

special load c
th flow induc

  

m Umbrellas, M

practice, such
behavior, co

f the flow fie
ted during s
2011) – are p
 used for stru

thodology  

consisting of
s summarize
wind-loaded
hodology all

which is espec
n. The analy

Methodology u

Form-
finding

LISA

mulation

F MEMBRA

is commonly
heir flexibilit
vels of the m
sment of dyn
carrying beh
ced effects. 

Medina, Saud

h as small sc
ontact intera
eld with the s
several scien
proposed to
uctural engin

f the numeri
ed in Fig. 2. W
d membrane 
lows the real
cially import
sis is perform

 
using a fully pa

ANE STRUC

y determined
ty. Particular

membrane ca
namic respo
avior, their m

i Arabia, SL-R

cale wind tu
ction betwee
structural res
ntific and ap
overcome lim

neering.  

cal wind flo
With this sim
structures. 

listic descript
tant in the ca
med in time-d

artitioned FSI

CTURES 

d by extreme
rly transient

an lead to dy
onse of mem
material prop

 

Rasch GmbH

unnel experim
en membran
sponse. Ther
pplied engine
mitations of 

ow simulatio
mulation app
The applied
tion of the n

ase of textile 
domain. 

I approach. 

e wind 
t wind 
namic 

mbrane 
perties 

. 

ments, 
ne and 
refore, 
eering 

f exist-

on and 
proach 
d fluid 
nonlin-

struc-



The u
defor
ed th
analy
on th
peak 
 

Figure
right: 

2.3 D

The l
that s

ܴ௞
ோߛ

൒

Wher
ܴ௞
ோߛ
ௗܧ

In the
desig
and ߛ
the st
struct
wind 
sign l

ௗܧ ൌ

The c
98% 
fined
struct

No
when
the de
ܳ௞ ac
was a
at the
was f
ing th
conse

unknown par
rmations) are
hat for wind 
ysis is require
he Smagorins

pressures an

e 3. Time dom
structural resp

Design requi

load-and-res
structural ele

൒  ௗܧ

rein: 
௞: characteris
: partial safe

ௗ: design valu
e standard E

gn wind actio
ொ the partiaߛ
tructural resp
tures. Instea
field ܄௞ and

load effect is

ൌ  ொߛ௞ܧ

characteristic
quantile in 

d as the expec
ture is subjec
ote that for t
n compared t
esign action 
cting on the s
a linear func
e level of the
found by num
he safety fac
ervative.  

rameters of t
e calculated i

load assess
ed. Therefor
sky subgrid 
nd maximum

main FSI analy
ponse results)

irement 

sistance-facto
ments comp

stic value of t
ety factor for 
ue of the load
urocode app
on on the str
al safety fact
ponse (defor
d, the non-li
d characteris
s then determ

c wind field 
of the annua
cted value of
cted to ܄௞.  
the considere
o the standar
ܳௗ. In the st
structure is p
tion of ݒଶ, it
e load action
merical check
ctor ߛொ at th

the flow (vel
including the
ments by ap

re turbulent f
scale (SGS) 

m/minimum st

ysis of large u
)  

or-design (L
ly with the fo

the capacity 
the capacity

d effect. 
proach, the de
ructure ܳௗ ൌ
or for wind 
rmations), su
inear couple
stic weight ܩ
mined as  

௞ is defined܄
al maximum 
f the maximu

ed applicatio
rd Eurocode 
tatic or quasi
proportional 
t would be ir
n or the leve
ks that the lo

he level of th

locity and pr
e fluid–struc
pplying CFD
flow is mode
model. It is

tructural resp

  
umbrella struc

LRFD) princi
following des

ܴ; 
y ܴ; and 

esign load e
ൌ ܳ௞ߛொ, wit
loads. Howe

uch an appro
ed structural 
 ௞, resultingܩ

d based on th
m wind speed

um response

on (Sec. 2.1)
procedure o

i-static analy
to the square
rrelevant wh
el of the load
oad effects in
he load effec

ressure) as w
cture couplin
D techniques
eled by large
s used becau
ponse in the 

ctures (left: C

iple implem
sign requirem

ffect ܧௗ is d
th ܳ௞ being 
ever, due to 
oach is not m
analysis is p
in a charact

he 50 year w
d). The chara
e during a 10

 this approa
f determinin

ysis of Euroc
e of the wind
hether the saf
d effect. For
ncrease unde
ct thus leads

ell as the stru
g conditions

s, an accurat
e eddy simula
se it enables
FSI context.

FD/LES press

ented in Eur
ment: 

determined as
the characte
the coupling

meaningful f
performed fo
eristic load e

wind speed (c
acteristic loa
0 min time pe

ch is on the 
g the respon
ode 0, the ch

d velocity ݒଶ
fety factor ߛொ
r the conside
r-proportion

s to larger de

ructure (force
s. It should b
te time depe
ation (LES) 
s the predict
.  

sure contour r

urocode 0 re

s a function 
eristic wind 
g of the actio
for the consi

for a charact
effect ܧ௞. Th

correspondin
ad effect ܧ௞ 
eriod in whi

conservativ
nse as a funct
haracteristic 
ଶ. If the load 
ொ were intro

ered applicat
nal to ݒଶ. Intr
esign loads 

es and 
be not-
endent 
based 
ion of 

 
results, 

quires 

(1) 

of the 
action 
ons to 
idered 
eristic 
he de-

(2) 

ng to a 
is de-
ch the 

ve side 
tion of 
action 
effect 
duced 

tion, it 
roduc-
and is 



2.4 Extreme value analysis to determine the characteristic load effect 

For a given characteristic wind field ܄௞, the FSI analysis results in a time series of the relevant 
load effect with length ܶ, an example of which is provided in Fig. 2. This time series ݔሺݐሻ rep-
resents one realization of the stochastic process ܺሺݐሻ of the load effect resulting from the con-
sidered wind field ܄௞.  
 

 

Figure 4. Time series of a load effect (resulting moment) obtained from the FSI analysis, with peaks iden-
tified using the declustering algorithm of Tawn (1988). 

 
Through a series of tests, it is found that ܺሺݐሻ can be considered a stationary process. In addi-
tion, it is assumed to be ergodic and have limited long-range dependence at extremal levels.  

Let ܻ denote the maximum of ܺሺݐሻ during a 10 min period: 

ܻ ൌ maxܺሺ0: 10minሻ (3) 

The distribution of ܻ can be estimated from a time series ݔሺݐሻ as in Fig. 2 using extreme value 
theory (Coles 2007). Both the Peak-over-threshold (POT) and the block-maxima approach are 
implemented and results are compared. For brevity, only the latter is reported here. With the 
block-maxima approach, the data ݔሺݐሻ is separated in blocks of length ܾ. A value ܾ ൌ 60	s is 
used. The set of maximum observed values in each block ݔ௠,ଵ, … , -௠,௡ is identified and a Genݔ
eralized Extreme Value (GEV) distribution is fitted to this data using a Maximum Likelihood 
Estimator (MLE). The GEV distribution is: 
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where ી ൌ ሾߙ; ;ߚ ߳ሿ are the parameters of the distribution (scale, shape and location parameter, 
respectively) . This is the distribution of ܺ௠, the maxima in each block of duration ܾ. The dis-
tribution of ܻ, the maxima in 10 min, is  
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This corresponds to a GEV distribution with parameters ߙଵ଴ ൌ ߙ ቀ
ଵ଴୫୧୬
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For given parameter values ી, the characteristic value of the load effect ܧ௞ is defined as the 
expected value of the maximum of ܺሺݐሻ in a 10 min period, i.e. the expected value of ܻ: 

௞ሺીሻܧ ൌ Eሺܻ|ીሻ 
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(6) 

The third identity follows from the fact that ܧ௞ has the GEV distribution with parameters ߙଵ଴, 
  .ଵ଴ and ߳ଵ଴ߚ

The MLE of ી is computed from the observed block maxima ݔ௠,ଵ, … ,  :௠,௡ byݔ

ી୑୐୉ ൌ max
ી

݈ሺીሻ ൌ max
ી

෍ln ௑݂೘ሺݔ௜; ીሻ
௡

௜ୀଵ

 (7) 

Figure 3a shows the empirical and the fitted probability distribution of ܺ௠ for the extremes of 
the time series shown in Fig. 2. The probability distribution of ܻ with the fitted parameters 
ી୑୐୉ is shown in Fig. 3b. 
 

 

Figure 5. (a) Empirical and fitted probability distribution of block maxima ܺ௠ obtained from the time se-
ries in Fig. 4; (b) corresponding probability distribution of ܻ, the maximum load effect in a 10 min peri-
od. 

2.5 Statistical uncertainty 

A Bayesian estimate of ી is applied for representing the statistical uncertainty associated with 
the limited sample size. We use the asymptotic Normal approximation of the likelihood. Using a 
non-information prior distribution, this leads to a multivariate Normal posterior distribution of ી 
given the data ݔ௠,ଵ, … ,  :௠,௡ݔ
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ી|ݔ௠,ଵ, … , ,MVNሺી୑୐୉	~	௠,௡ݔ ۱ીીሻ. (8) 

where the covariance matrix ۱ીી is the inverse of the observed Fisher information matrix ۷୓ 
evaluated at the MLE (Coles 2007): 

۱ીી ൌ ۷୓ሺી୑୐୉ሻି૚ (9) 

The observed Fisher information matrix	۷୓ሺીሻ is equal to the Hessian of the log-likelihood ݈ሺીሻ 
with respect to the parameters ી.  

For the limiting case of an infinite time series, ۱ીી is zero and ી is deterministically equal to 
ી୑୐୉. 

Based on the posterior distribution of ી, the posterior probability density function of the char-
acteristic value ܧ௞, ா݂ೖ

ᇱᇱ , can be determined. Due to the non-linearity of the function ܧ௞ሺીሻ, Eq. 
(6), the distribution ா݂ೖ

ᇱᇱ  can only be determined numerically. Here, Monte Carlo Simulation 
(MCS) is used for this purpose. Alternatively, numerical integration or a first-order approxima-
tion can be applied. The first-order approximation results in a Normal distribution with mean 
and variance as follows: 

ாೖߤ̂ ൌ  ௞ሺી୑୐୉ሻ, (10)ܧ

ොாೖߪ
ଶ ൌ ௞ܧ׏

்۱ીીܧ׏௞, (11) 

with 

௞ܧ׏ ൌ ቈ
௞ሺીሻܧ߲

ߙ߲
,
௞ሺીሻܧ߲

ߚ߲
,
௞ሺીሻܧ߲

߲߳
቉
்

, (12) 

evaluated at ી ൌ ી୑୐୉. 
For illustrative purposes, in Fig. 4 the resulting posterior distribution of ܧ௞ is shown for dif-

ferent lengths ܶ of the simulated time series ݔሺݐሻ. This distribution is obtained with the data of 
Fig. 2. This illustrates the effect of ܶ on the statistical uncertainty in the design parameter. As 
expected, the posterior variance of ܧ௞ is decreasing with increasing length of the time series. 
Furthermore, it is observed that the first-order approximation is underestimating the true varia-
bility of ܧ௞, in particular for shorter time series. 

 
Figure 6. Example of ܨாೖ

ᇱᇱ , the posterior distribution of the characteristic load effect ܧ௞, for different 
lengths ܶ of the simulated time series ܺሺݐሻ. Results as obtained with MCS and with a first-order approx-
imation are shown.  
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What is the interpretation of ா݂ೖ
ᇱᇱ ,	and what is its relevance in the design? For the given wind 

scenario, there is one true value of ܧ௞, which – under the assumption of ergodicity – could be 
determined if a time series ݔሺݐሻ of infinite duration ܶ ൌ ∞ were available. In practice, due to a 
limited duration ܶ, it is only possible to determine a distribution of ܧ௞ as shown above. If the 
MLE estimate ܧ௞ሺી୑୐୉ሻ were employed, there is a large probability (in the order of 50%) that 
the true value of ܧ௞ is underestimated, leading to a non-conservative design. For this reason, in-
stead of ܧ௞ሺી୑୐୉ሻ an upper quantile value of the distribution ா݂ೖ

ᇱᇱ  should be used in design. Let 
 to be applied? This ݍ ௞௤ denote this upper quantile. But which is the appropriate quantile levelܧ
question will be addressed in the next section. 

3 RELIABILITY-BASED DETERMINATION OF QUANTILES FOR DESIGN 

3.1 Quantile value of ܧ௞ 

To account for the statistical uncertainty described in Section 2.5, upper quantile values of ா݂ೖ
ᇱᇱ  

must be used in the design. However, no guidance on the appropriate quantile level ݍ is found in 
Eurocode or other literature. Therefore, the following criterion is proposed to determine the ap-
propriate quantile level: 

The level of the upper quantile is selected so that the reliability of a design based on a limited 
time series ݔሺݐሻ of duration ܶ is equal to the reliability of a design based on an infinite time se-
ries (when no statistical uncertainty is present).  

Because structural analyses are only performed for a characteristic wind field ܄௞, it is not 
possible to actually compute the reliability. Instead, the reliability conditional on the characteris-
tic wind field ܄௞ is computed and the above criterion is applied to this conditional reliability. 
(Note that we make no assessment of the appropriateness of the characteristic wind field.) Let 
-௞ denote this conditional reliability index. To make explicit the dependence on the computaߚ
tion, let ߚ௞

ሺ்,௤ሻ denote the conditional reliability index obtained from a design based on a limited 
time series of length ܶ and using an upper quantile level ݍ. The goal is thus to find a value of ݍ 
that fulfills the following condition: 

௞ߚ
ሺ்,௤ሻ ൌ ௞ߚ

ሺஶሻ	 (13) 

௞ߚ
ሺஶሻ is the conditional reliability index obtained from a design based on infinite time series. In 

the following, the probabilistic model and the computation of ߚ௞
ሺ்,௤ሻ and ߚ௞

ሺஶሻ are presented. 

3.2 Probabilistic model 

-is the maximum value of the load effect occurring during the 10min duration of the repre ܧ
sentative wind scenario. It is modeled as: 

ܧ ൌ ܻ ∙ ܼ௠, (14) 

with ܼ௠ being the model error of the structural (FSI) analysis. The distribution of ܼ௠ is esti-
mated from previous experimental validations of the FSI, as reported in Michalski et al. (2011), 
as the Lognormal distribution with mean value 1 and standard deviation 0.25. To assess the sen-
sitivity of the final results with respect to this parameter, alternative choices were investigated, 
which are not reported here.  

For given parameters ી, ܻ has the probability distribution ܨ௒ሺݕ; ીሻ according to Eq. (5). Be-
cause ી itself is a random variable with posterior distribution ી݂

ᇱᇱሺીሻ according to Eq. (8), ܻ is 
described by its predictive distribution, defined as 

ሻݕ෨௒ሺܨ ൌ න ;ݕ௒ሺܨ ીሻ ી݂
ᇱᇱሺીሻdી.

ી

 (15) 



This integral is evaluated numerically by means of MCS. For the reference case (with ܶ ൌ ∞), 
ી ൌ ી୑୐୉ deterministically, and the predictive distribution reduces to 

ሻݕ෨௒ሺܨ ൌ ;ݕ௒ሺܨ ી୑୐୉ሻ. (16) 

The capacity ܴ is modeled by a Lognormal distribution with coefficient of variation 0.1. The 
mean value of ܴ is determined through the design criterion as follows. 

3.3 Design criterion 

The design criterion is given by Eqs. (1) and (2) as 

ܴ௞
ோߛ

൒  ொ. (17)ߛ௞ܧ

Replacing ܧ௞ by its quantile value ܧ௞௤ and assuming a design at the limit of the admissible do-
main, we obtain 

ܴ௞ ൌ  ோ. (18)ߛொߛ௞௤ܧ

Since the characteristic value of the capacity ܴ௞ is defined as the 5% quantile, the mean value of 
ܴ is obtained from the condition 

ோܨ
ିଵሺ0.05ሻ ൌ  ோ. (19)ߛொߛ௞௤ܧ

Here, ܨோ
ିଵ is the inverse CDF of ܴ. As evident from Eqs. (18) and (19), the characteristic value 

of ܴ, and consequently its mean value, are a function of the selected quantile ݍ. 

3.4 Reliability assessment 

The reliability associated with a given quantile value ݍ can be determined by means of the clas-
sical structural reliability methods. The load effect ܧ is given by Eq. (14) and it follows that the 
limit state function describing failure is 

݃ሺܴ, ܻ, ܼ௠ሻ ൌ ܴ െ ܻܼ௠ (20) 

Here, MCS is applied for determining the probability of failure 

Prሺܨሻ ൌPrሾ݃ሺܴ, ܻ, ܼ௠ሻ ൑ 0ሿ (21) 

and the corresponding reliability index 

௞ߚ
ሺ்,௤ሻ ൌ ΦିଵሾPrሺܨሻሿ, (22) 

with Φିଵ being the inverse of the standard Normal cumulative probability function. 

4 NUMERICAL INVESTIGATIONS 

Numerical investigations are carried out for 18 load effects and different lengths of simulation 
ܶ. Because only one simulation of total length ܶ ൌ 30 min is available for each load effect, the 
shorter time series are obtained by taking parts of these simulations.  

The results for the reference solutions ߚ௞
ሺஶሻ are obtained by applying the MLE and hypotheti-

cally assuming that the covariance of the estimator is zero. For the time series shown in Fig. 2, 
the resulting values of the characteristic load effect ܧ௞௤ and the corresponding reliability index-
es are presented in Fig. 5. The reference reliability index ߚ௞

ሺஶሻ is also presented. For this case, 
the necessary quantile to achieve the reference reliability ߚ௞

ሺஶሻ ൌ 2.6 is 0.9.    
 



 
 
Figure 7. Characteristic value of the load effect and corresponding conditional reliability index ߚ௞

ሺ௤,ଵ଴୫୧୬ሻ 
as a function of the selected quantile value ݍ, for a 10 min time series taken from the one in Fig. 2. The 
reference reliability index ߚ௞

ሺஶሻ ൌ 2.6 is the value that would be obtained with an infinite time series. The 
required minimum quantile for this case is 0.9. 
 
A summary of the resulting required quantiles as calculated for the 18 load effects and different 
durations of the FSI simulation is presented in Fig. 6. The computations show that the necessary 
quantile ݍ is a function of the length of the simulation: the necessary ݍ decreases with increas-
ing length of the time series.  

 
Figure 8. Required quantile values calculated for different load effects and different durations of FSI sim-
ulation. The dashed line shows the trend.  

 
The resulting conditional reliability index is in the range 2.4 – 2.7. It is noted that this value is 
low. However, the reliability of structures subject to predominantly wind load designed accord-
ing to Eurocode is known to be lower than for structures subject to other loads (JCSS 1996). 

Based on the results of this study, it was decided to apply a quantile value of 0.95 and 30 min 
time series for the design, which is on the conservative side. 
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5 SUMMARY AND CONCLUSION 

Due to computational limitations, the length of time-domain FSI simulations is limited. When 
estimating the maximum load effect, the uncertainty arising from the limited duration of the 
load effect should be taken into account. In this paper, we present an engineering approach to 
dealing with this problem: The statistical uncertainty arising from the limited data is estimated 
and quantified using a Bayesian approach. It is then proposed to use a quantile value with re-
spect to this uncertainty in the design. The necessary quantile value of the maximum load effect 
is determined by requiring that the reliability achieved with this quantile value is equal to the re-
liability that would be achieved when complete information was available (corresponding to an 
infinite time series). This quantile value must be applied on top of other safety factors and char-
acteristic values; in particular, it does not address the uncertainty in determining the characteris-
tic wind field. The approach is applicable to other problems involving the estimation of extreme 
actions and load effects on structures based on limited time series, whether they arise from nu-
merical computations or from observations.   
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