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Abstract: Problem statement: Accounting for uncertainties that were present @orgetric and
material data of reinforced concrete buildings vpasformed in this study within the context of
performance based seismic engineering degigproach: Reliability of the expected performance
state is assessed by using various methodologsesdban finite element nonlinear static pushover
analysis and specialized reliability software pagkaReliability approaches that were considered
included full coupling with an external finite elemt code and surface response based methods in
conjunction with either first order reliability medd or importance sampling method. Various types of
probability distribution functions that model pareters uncertainties were introducé&sults: The
probability of failure according to the used relityp analysis method and to the selected distidout

of probabilities was obtained. Convergence analysfisthe importance sampling method was
performed. The required duration of analysis ation of the used reliability method was evaluated.
Conclusion/Recommendations: It was found that reliability results are sengtio the used reliability
analysis method and to the selected distributioprobabilities. Durations of analysis for coupling
methods were found to be higher than those asgdciatsurface response based methods; one should
however include time needed to derive these |&sisthe reinforced concrete building considered in
this study, it was found that significant variasomexist between all the considered reliability
methodologies. The full coupled importance samplingthod is recommended, but the first order
reliability method applied on a surface responselehcan be used with good accuracy. Finally, the
distributions of probabilities should be carefuitientified since giving the mean and the standard
deviation were found to be insufficient.

Key words: Reliability analysis, first order moment, importansampling method, response surface,
finite element, seismic design, material data

INTRODUCTION field, one finds the huge need for diagnosis and
rehabilitation of pre-code constructions, partidylan the

case of historic monuments. Other reasons areiatsibc
structural behavior of buildings at risk of earthge to the emergence of new design approaches W.h'Ch are
events is the subject of increasing interest fréma t founded on the concept of performa_nce-based enggee
community of seismic building designers (Arulselvan ~ Performance-based engineering has gained large
and Subramanian, 2008; Buradtial., 2010; Celik and Success in the field of earthquake engineering
Ellingwood, 2010; Ebrahimét al., 2010). Among the (Escobaret al., 2008). Instead of the classical regulatory
reasons beyond the intensive research activityhim t and non-transparent seismic code rules which were

Realistic modeling based on reliability analysfs o
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elaborated to ensure essentially a priori life yafsf  to be high computational time consuming for praatic
buildings occupants, this new approach includegroblems that include large number of random
additional critical states that could be importdot ~ Vvariables. This is because, at any iteration, tfmet-|
buildings use. These performance states are assdcia State function and its derivatives are to be evetlia
to indicators such as the tolerable amount of danag through finite element computations.

. - . In this study, a Response Surface basedaddet
the accepted economic loss resulting from tempgrari (RSM) is considered in order to simplify further

loss of functionality. ) ] reliability analysis and to accelerate calculatpwncess
Predicting th_e_:s_e performance states is considared of the approximate performance index. RSM is
terms of probabilities such that occupants or o®/@r considered in combination with either ISM or FORM
buildings could be aware of the risk level they aremethods. Validity of this approach is discussedhia
undergoing. To realize that, adequate numericajoiowing by considering decisive factors influengi
modeling of the building structural behavior andits efficiency such as the effect due to some @alar
satisfactory description of uncertainty propagatime  cpoice of probability distribution functions thatodfel

required. This is generally performed within the parameters uncertainties or the effect of convergen
framework of reliability analysis. Uncertaintiessémg in  riterion used in the ISM.

the problem could be the result of the inherent
randomness in material characteristics, geometric MATERIALSAND METHODS
dimensions or applied forces. These categories of ) ) o
uncertainties are termed stochastic parameters, BuRe€liability —analysis methodologies: Reliability
uncertainties could be also epistemic such as ithos¢o ~ analysis is performed by using the Pacific Eartfigua
lack of knowledge regarding the real values of somdEngineering Research Center (PEER) computational
parameters in existing constructed buildings:Platform OpenSees, (Haukaas, 2004). OpenSees is an
reinforcement sections in structural members ottjopns ~ abbreviation of Open System for Earthquake
features that exist between columns and beams. Engineering Simulation, which is an open-source,
Accounting for the various uncertainties affectinggeneral-purpose finite element code which was
the structural model is performed by assumingitiut ~ Specifically developed for earthquake engineering
data for the finite element computation to be cand @analysis. In order to enable finite element religpi
variables that depict the uncertain variations fe t analysis OpenSees was extended with reliability and
material, geometry and loading parameters. Unciytai f€SPoOnse sensitivity capabilities.
propagating modeling such as Monte Carlo process OpPenSees is a collection of software components
enables then to compute the resulting probability othat m_terrelate in combination v_v!th finite elem(_ent
response events. Finite element reliability analysieds ~analysis. These include probability - transformation,
specifying some performance function defining aegiv S€arch algorithms to determine the Most Probable
limit-state. The performance function comes outFailure Point (MPP), random number generation and
generally to be an implicit function of the inpuatd  lImit-state functions. . . .
(Mayoral and Romo, 2008). The performance function__ 19Nt analysis types are available in the versibn
separates the data space into two regions: Theegitm Open Sees_ used in th's stud_y. However, _on!y wo
and the failure region. The probability of failusdinked methoc!s will behcgnlszlg(;rl\e;ld md thhe following: the
to the minimum distance separating the actual desig?pproxmates metl_o Method ?SnM the more accurate
realization from the most probable failure poinitg on mportance Sampling Method (ISM).

D . . . FORM analysis is based on two mean operations.
the limit surface, qallgd also the. quS|gn poinfc8ithe Firstly, the design point in the transformed unelated
performance function is not explicitly known and e

Carlo process is too time consuming, search oflésegn s.ta.ndard normal space $hOU|q bg Iocated..Seccmhtély,
point is performed habitually ,through various limit-state surface at t.hIS point is approxma’geﬁl E))
approximate reliability analysis methods. hyper-plane and use is made of the properties @f th

. A standard normal space to obtain the probabilifynese.
- In the .F'rSt Ordgr Reliability Method ('_:ORM) _the The distance from the origin of the standard ndrma
limit-state is approximated, at the most likelyldaé

point in the transformed space of uncorrelateddﬁ@ ?Sp?gfr;gdthti ed ij?;bﬁi?;/n?hgggoéig I:;”&iﬁégg?ﬁg’

normgl random variables, bya} hyper-plane..A revogw first-order probability estimate is then found as

coupling between FORM reliability analysis and the .

finite element method is given in (Kiureghian, 1896 7 = R=o(p) where ® is the standard normal
Finite element reliability analysis using full cumulative distribution of probabilities.

coupling between a finite element code and religbil In a classical Monte Carlo method the sampling

methods such as FORM or Monte Carlo tends howevettistribution is centered at the mean point. Sirzikife
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events occur in general in the tail regions of pimlity
distributions, a large number of samples are reguio
obtain good failure probability estimates. A major
concern in finite element reliability analysis fenh the

large number of evaluations of the performance

function that are needed to guarantee accuracy.

By centering the sampling distribution near the
failure domain at a point Yy, a far more efficient
sampling scheme is obtained. This technique ignede
to as the importance sampling method.

Denoting x a vector of n independent random
variables in the physical space, y its transforimethe
normal space and g(x) 0 a given limit-state
introducing an indicator function I(y) such thay)lE 1
if g(x(y))<0 and I(y) = O otherwise, it can be easily
shown that the failure probability writes as foll®&q. 1:

R=]

Q

120

| dy= |
()b (y)dy g{( s

jf(y)dy: [ay)f(y)dy(2)
Q

With ¢ and f the joint standard normal Probability
Distribution Functions (PDF) Eq. 2-3:

_ 1 1y
o(y) —Tn)n,zexp[ 5 yj 2
1 -1 (Y ~ Yeented
_ Py center
= 2 Jder P 2 3

tz{L(y - ycenter)

The sampling analysis implemented in Open Seeg,

evaluates Pby performing sequential generation of
vector y of independent and normally distributed
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where, ¢q (y) and is the number of samples.

A measure of accuracy of the probability estimate
is the coefficient of variation of the probability

estimate: Eq. 5
-5
2
g~ 24
Dt
1 N
N i=1

ZCIi
The sampling is repeated a user-defined number of
times or until the c.o.v. estimate falls below adfied
target which is typically lesser than 50%.

1
N(N -1)

C.O-V( I-?),sim) = (5)

Finite element seismic reliability analysis of
buildingss. The performance-based engineering
approach is based on simulation of real structural
behavior. This feature sets it apart from classical
prescriptive rules associated to code-based deSign.
client or government regulations prescribe desired
performance objectives, which are translated into
decision variables or functions and serve defining
performance criteria.

Applying reliability analysis methods in the coxtte
of performance-based engineering uses the specified
performance functions as performance criteria roitdi
states. The term failure denotes then the evemtoof
meeting a given performance criterion. It is then
important to know how to translate such performance
quirements into explicit performance functions
attainable by finite element structural analysis.

In this study reference is made to the performance

random numbers having zero means and unit variancegye| introduced by the Moroccan seismic code RPS,

y is then transformed according t9=y e+ LY,

where L is the Cholesky decomposition of a usedisplacement

provided covariance matriX. The covariance matrix is
typically chosen as a unit matrix. But, the uses tiee
possibility to enter a diagonal or a full matBixwhere
the off-diagonal terms provide correlation between
random variables. The most effective choice ofrttean
VECLOr VenteriS the design point. Since this point is not
known the user introduces an approximate valuge of i
The vector y is transformed back into the original
space x = x(y) where the performance function gigx)
evaluated for this realization of the random vagabl
(X) is assigned a value based on the outcome aj.g (
The variable q(y) = I(x(y))¢(y)/ f(y) is then evaluated
in the standard normal space. This enables estigati
the probability of failure as Eq. 4:

(4)
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2000 which intends limiting the building roof
ratio. Other performance criteria
introduced to distinguish performance-based

engineering states with regards to earthquake svent
could be considered.

In this study, finite element analysis was perfedm
by means of open sees platform. The beam-column
element used is a displacement-based element having
the aptitude to take into account distributed gt
that develops through fiber cross-sections. Thmefd
uses the stiffness formulation approach. A usereset
number of integration points along the element lsan
prescribed. The fiber cross-sections are compoged o
uniaxial material models.

Material models for steel, unconfined concrete in
girders and column cover regions and confined
concrete in column core regions that are used én th
actual study correspond respectively to the unlaxia
smoothed bi-linear steel material and uniaxial
smoothed concrete material.
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Case of study: In order to evaluate the different

The ultimate strengths of outer layer of concestd

methodologies introduced to account for uncertegnti of the core concrete as well as Young's moduluthef
within the framework of finite element reliability reinforcement steel are modeled as random variables
analysis under Open Sees environment, a two-storyn€se are intended to model the inherent, irreticib

reinforced concrete building structure is considefié
consists of a regular building for which the noekn
static pushover analysis is sufficient to assessTse
performance. The inter story height is fixed ate ay
length in both seismic directions is fixed at. Figu
gives the vertical elevation and the plane viewuFé 2

Uncertainty in the finite element model parametait.
the other material and geometric parameters as agell
loads will be considered to be deterministicallyowan.
Table 1 gives the deterministic nominal parameters
values of material data that were used during biitia
analysis of the RC structure. Table 2 defines the
uncertainty modeling of the random variables.

gives concrete sections of members with their Al the random variables are assumed to be
reinforcements as computed by using Eurocode 2.codegistributed according to one of the following three
The vertical load resultants at the structuralesod probability distribution functions: Normal, lognoafnor

in kN, are:
W2:W5:W8:94.4,V\[3:W9:47.2
The seismic lateral loads, in kN, are:

F, =25 and E= 50

gamma. Denoting the mean value and the standard
deviation, these PDF write as follows Eg. 6-8:

Normal distribution:

_ 1 _(x=p)?
f(x)—cﬁexp[ 22 j (6)

Exterior columns Interior columns  Girders
! / s
P3 3 <0 6 / <10- 7 9
/ Bororeo=1.13 em?
. <4> <6
<2> 10m @
P2 2 <T> 35 <8 2
1> <3 <5
<1 = 3.0m 35 cm
Bor oreo=1.13 cm?
At A2 B (b)
A 4.0m A 40m i * 35 cm
@ 3 \
| 25 em L Bor oreo = 1.13 cm?
" 4.0m " 4.0m .
1 1 1 ©
[ - | Fig. 2: Members reinforcements; (a) Exterior colsmn
(b) Interior columns, (c) Section girders
4.0m Table 1: Deterministic nominal parameters valuethe reinforced
concrete building
Parameter Value
7 ! - - Compressive strain of outer layer of concrefg, 0.002
Ultimate strength of outer layer of concrefg, . (MPa) 0.000
40 '
" Ultimate strain of outer layer of concretgyc 0.006
Compressive strain of the core concretg, 0.005
[~ - - Ultimate strength of the core concrefg, . (MPa) 30.000
(b) Ultimate strain of the core concretg.c 0.020
Tensile strength of the reinforcement steel, fyP&) 500.000
Fig. 1: Two-storey two-bay reinforced concrete Second slope stiffness ratio of the reinforcemesrels 0.020
structure; (a) Vertical elevation, (b) Plane view Cover (mm) 30.000
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Table 2: Uncertainty modeling of the random vassblof the
reinforced concrete buildings

Variable Mean value Deviation ratio Standard deviation
f. .. (MPa) 37.92 0.15 5.69
fl 4o (MPa) 27.00 0.15 4.05
E (MPa) 200000.00 0.05 10000.00
L ognormal distribution:
1
f(x) = T—€Xp
2 2\\2
@[In(“ +20 ]] X
(7)
2 2 2 2 2
XA+ 0 ne+o
—[Iog[ZD 2I0g[ 5 ]
W
Gamma distribution:
Hiz HZ_UZ
(B o)
g g
f(x) = (8)

This limit-state function seeks the probabilityath
the horizontal displacement at the roof of thecitrre
exceeds 0.4% of the building height, when
deterministic lateral seismic load is evaluatedading

the Moroccan seismic code RPS2000 for a givent

geographic zone, soil site, ductility coefficienhda
building priority. The limit state function writesg. 9:

g(x)=0.004H-8,, (X) 9)
where H is the total height of the building, initan

of mm, &t is the horizontal displacement, in units of

mm, of the roof node as obtained from a static

nonlinear pushover-type analysis and x is the veato
foee foue EJ -

c,cc c,uc

random variablesx :[

Knowing that H = 6000mm, the limit-state
function writes Eq. 10:
9(x) = 24- 8,4 (X) (10)

Two kinds of parametric studies were performed a:
indicated in the following:

Using full coupling reliability analysis, compariso

. 4 (3): 332-340, 2011
e Using response surface method and full coupling
reliability analysis, comparison between FORM
and ISM methods was considered and convergence
of the ISM as function of the c.0.v was analyzed

RESULTS

Full reliability coupling FORM and ISM methods
and influence of probability distribution functions
on results: Figure 3 gives sensitivity of the probability of
failure to PDF's for the two FORM and ISM
methodologies of reliability analysis whilégF4
gives duration of the analysis associated to eaehod
these methods.

FORM and ISM rédiability methods applied to a
response surface model of the building: The response
surface writes asd(f o fcueB) =240 (ooilf ¢ cof c,uE)
where is the interpolated displacement over theaiiom
of variables (f; o fcuE). Interpolation is performed
according to a full factorial design of experiméaible
containing a total number of 27 combinations. The
combinations include values of parameters
corresponding to:

Lower thresholdi-ho
Average value:
Higher thresholqu+ho

Table 3 recalls the obtained results when using
lognormal probability distributions and fiixing thalue
of magnitude h = 1. The interpolated roof displaeam
expressed in (mm), writes:

0.02 4

0.018 4

EAFORM EISM

0.016 4

0.014 4

0.012 4

0.01 4

Probability of failure

0.008 4
0.006 4
0.004 4

0.002 4
A

Normal

04

Gamma

Lognormal

Probability distribution function

between FORM and ISM methods was conductedrig. 3: Sensitivity of probability of failure to HEs

and the influence of PDF’s on results investigated
336
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\

2500 2 FORMae ISM

= 20004
:—:.:“ 15004
=
=
Z 1000
g
é 5004

0

Normal Lognormal

Gamma

Probability distribution function

The two approximate methods RSM/FORM and
RSM/ISM are considered in the following in order to
assess their accuracy. In case of RSM/ISM the
coefficient of variance (c.o0.v) has been variedhia

set {0.04, 0.045, 0.05, 0.06, 0.08 and 0.01} ineortb
study effect of truncated convergence of ISM on
reliability results.

The response surface in terms of the performance
function as derived from Eq. 10 and 11 is identifie
from the discrete displacement results that atedign
Table 3. This is provided by using the least-square
inversion technique.

Figure 5 gives for RSM/ISM the probability of

Fig. 4: Duration of analysis for the various PDF’s failure as function of the c.o.v. Figure 6 gives thtal

modeling uncertainties

Table 3: Roof displacement as function of

considered combination

the

Test feoc (MPR) f( . (MPa) E (MPa) Sroof (MM)
1 43.61 31.05 217.18 18.44
2 43.61 31.05 206.84 18.93
3 43.61 31.05 196.50 19.44
4 43.61 27.00 217.18 19.56
5 43.61 27.00 206.84 20.08
6 43.61 27.00 196.50 20.64
7 43.61 22.95 217.18 20.87
8 43.61 22.95 206.84 21.44
9 43.61 22.95 196.50 22.05
10 37.92 31.05 217.18 18.66
11 37.92 31.05 206.84 19.15
12 37.92 31.05 196.50 19.68
13 37.92 27.00 217.18 19.81
14 37.92 27.00 206.84 20.34
15 37.92 27.00 196.50 20.91
16 37.92 22.95 217.18 21.16
17 37.92 22.95 206.84 21.75
18 37.92 22.95 196.50 22.37
19 32.23 31.05 217.18 18.89
20 32.23 31.05 206.84 19.39
21 32.23 31.05 196.50 19.92
22 32.23 27.00 217.18 20.08
23 32.23 27.00 206.84 20.62
24 32.23 27.00 196.50 21.20
25 32.23 22.95 217.18 21.48
26 32.23 22.95 206.84 22.08
27 32.23 22.95 196.50 22.72
éroof = éroof (f;:,ccf 'c,ucE) =64.79-7.338 fc,o
-47.11¢, ,.-7.97% 18 E
+4.214 ¢ % f. ,+2.626 10
’ ’ (11)

fe uXE +4.166x 10" Bx §
+0.5478 (f .. ¥ + 15.02
(fo0®+4.142x 10" B

337

number of samples needed for RSM/ISM to get
convergence within the specified value of c.o.v.

Figure 7 summarizes for the four methodologies
(Coupling/[FORM; Coupling/ISM, RSM/FORM and
RSM/ISM) the probability of failure. Figure gives
general comparison in terms of duration of analgdis
all these reliability methodologies.

DISCUSSI ON

It is clearly shown from Fig. 3 that the reliatyili
analysis with FORM and with ISM do not yield therea
results. Figure 4 shows that duration of analyaiseg a
lot as function of the selected PDF's. It show® dlsat
duration of analysis associated to FORM is alwary v
small in comparison with that needed in ISM.

Considering FORM and ISM methods, Figure 3
shows that the probabilities of failure are in gahe
close. But, significant deviations occur howevemigen
these two methods since the highest relative egor
bounded by -7 and +13% when ISM method is taken as
the reference.

Considering now duration of analysis associated to
the FORM and ISM methods, as given in Fig. 4, it is
clear that the ISM is hugely time consuming, ass it
quite expected, in comparison with the approximate
FORM. Figure 4 shows also that the duration of
analysis depends a lot on the chosen PDF.

It could be noticed that for RSM/ISM convergence
in terms of the criterion defined by the c.o.v imest
reached for c.0.v < 1 since as shown by Fig. 5 snigll
variation of the results are observed. Howevenced)
the c.o.v would result in a huge number of samples
needed to reach convergence as shown in Fig. 6.
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0.01

o000y

0.008 A

e
=3
=
a

0.006 4
0.005 A
0.004 1
0.003 4
0.002
0.001

Probability of failure

0.04 0.045 0.05 0.06 0.08 0.1
c.owv

Fig. 5: Evolution of the probability of failure asinction of c.0.v when using coupling and ISM methof
reliability analysis

100000+
90000 4
800001
70000 4
60000 4
50000 4
40000 1
30000 1
200001
100007

0

Total number of samples

0.04 0.045 0.05 0.06 0.08 0.1

Fig. 6: Evolution of total number of samples asction of c.0.v when using coupling and ISM methddediability

analysis
0.012 - .
O Coupling
O SRM
0.01
=
5 0.008 A
3, 0.006 1
£ 0.004
0.002 -
0 - .
FORM ISM

Fig. 7: Probabilities of failure for the varioudiability analysis methodologies
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1400 4 -
OCoupling
OSRM

1200 A

10001

300 1

600 1

400 1

Duration of analysis (5)

200 1

0

FORM ISM

Fig. 8: Duration of analysis for the various relid analysis methodologies

Figure 7 shows that the four methodologies givelltes exaggerate sometimes the probability of failureisit
that are rather close one from each other. The&emarkable to observe the antagonist effect resylti
coupling/FORM method has the tendency tofrom the association of SRM/FORM because this
underestimate the probability of failure. On th@agite, —Method gives results that are closer to the moeetex
the RSM/ISM has the tendency to overestimate th&oupling/ISM. The ISM method is always more time
probability of failure. The more accurate coupliggd ~ consuming than FORM approximation. To make an
and the simpler RSM/FORM are quite surprisinglysefo  Objective comparison regarding computational owse
one from each other than the both from the othnis  Should recall also that response surfaces must be
could be justified by a sort of compensation Whichidentified and that a_ddi_ti_onal labor is required tioat.
appears while performing interpolation and FORM Influence on_re_llablllt_y data of the_ch_o_sen PDfo's
analysis. For the building considered in this stutigre modgl .uncerta|nt|es. IS ~Very S|gn|f|cant. when
is no need to perform coupling/FORM and RSM/ISM considering full coupling reliability analysis. Eheffect

. . . . . reduces however when surface response based
which are time consuming (Fig. 8) and which arehbot . .. .
less accurate than RSM/FORM. reliability analysis is performed. In order to pmrh

reliability analysis of seismic performance based
design, huge care should be given to selectiorDéi'$
that model parameters uncertainties (these shaiid b
It has been shown that the full coupling reliakili gen_er_al |dent_|f|ed through _ experiments). 1t IS _not
. . sufficient to give only means and standard dewnesjo
analysis does not predict the same results than t , .
e PDF’s must also be specified.

approximate response surface based reliabilit Wh Vi f based reliabilit
method. This last underestimates in general the €N applying surtace response based retiabliity

probability of failure. The maximum relative analysis, it was shown that FORM approximation

difference between these various methodologiegveresumaltes here again the probability of failure

results has reached 41.5%. This occurs between thceomparlson with the accurate ISM.

Coupling/FORM and the SRM/ISM methods. The_se conclusions could not be generallzed _th_hout
fprecautlons to other problems dealing with religpil

analysis and thorough analysis is needed to assess
gerformance of the various methodologies.

CONCLUSION

Within the framework of the same methodology o
reliability analysis (either full coupling or respse
surface), the approximate method FORM does not giv

the same results than the more precise modifiedt&lon ACKNOWLEDGMENT
Carlo ISM Method. In general, FORM overestimates
the probability of failure. The researchers would like to thank the Spanish

The obtained results have shown that full couplingAECI Agency for its financial support of part ofigh
reliability —analysis conducted with ISM is research wunder project grants A/016429/08 and
recommended because FORM analysis could\/026795/09.
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