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In this paper, seismic performance reliability of reinforced concrete (RC) structures was evaluated based on response surface method using a systemic
approach. In the systemic approach, limit state functions were applied at the structural component level and structure performance reliability index was
calculated with a systemic approach through series and parallel combinations of structural components. The limit state functions were estimated through
improved response surface method based on block sampling design of random variables. Numerical studies showed that the proposed systemic approach
could calculate performance reliability indices at different damage levels from structural components while only one reliability index was evaluated
through the overall approach for the given performance levels. The results indicated that performance reliability indices increased when the non-
performance scenarios were examined for high levels of components damage, and performance reliability indices of the overall approach corresponded to
an interval including levels 2 and 3 of the systemic approach.
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Seizmicka pouzdanost konstrukcija od armiranog betona

Izvorni znanstveni ¢lanak
U ovom se radu procjenjuje pouzdanost seizmickih karakteristika konstrukcija od armiranog betona (RC) na temelju response surface metode primjenom
sustavnog pristupa. U sistemskom pristupu primijenjene su funkcije grani¢nog stanja na razini konstrukcijske komponente i izracunat je indeks
pouzdanosti performanse konstrukcije sustavnim pristupom putem serijskih i paralelnih kombinacija konstrukeijskih komponenti. Proracunate su funkcije
grani¢nog stanja poboljsanom metodom odziva povrsine na temelju slu¢ajnih varijabli konstrukcije uzorka bloka. Numericka su prouc¢avanja pokazala da
se predlozenim sustavnim pristupom mogu dobiti pokazatelji pouzdanosti performansi na razli¢itim razinama ostecenja konstrukcijskih komponenti dok je
samo jedan pokazatelj pouzdanosti procijenjen opéim pristupom za zadane razine performansi. Rezultati su pokazali da su pokazatelji pouzdanosti
performansi porasli kada su se ispitivali scenariji bez performance za visoke razine ostecenja komponenti, i pokazatelji pouzdanosti performansi kod
opceg pristupa odgovarali su intervalu ukljucujuci razine 2 i 3 sustavnog pristupa.

Kljucéne rijeci: performansa; pouzdanost; response surface metoda; sistemski pristup

1 Introduction

Earthquake is a natural hazard that has inflicted
irrecoverable losses on human societies and civil
structures. To deal with this natural hazard and mitigate
its losses, assessment of structural performance against
earthquakes is one of the most interesting issues in recent
years. Since the ground motion intensity, material
properties and external loads are uncertain, so a
comprehensive assessment of the seismic performance
reliability of RC structures is essential.

Monte Carlo Simulations (MCS) is a technique to
incorporate uncertainties in the seismic performance
assessment of RC structures. Although the results of this
technique are accurate but for real structures will require
significant computational efforts. To overcome this
problem, Response Surface Method (RSM) has been
proposed. In RSM, an explicit approximation is formed
for implicit Limit State Function (LSF) through some
deterministic structural analyses to calculate reliability of
structure using First Order Reliability Method (FORM),
or Second Order Reliability Method (SORM). In [1] the
authors considered a second order polynomial Response
Surface Function (RSF) without interaction terms, and
sensitivity of failure probability for selecting of
experimental points was studied. It was shown that
selection of experimental points affects RSF
approximation and corresponding failure probability
significantly [1]. Application of higher order polynomials
to approximate LSF was indicated in [2]. A non-constant
order polynomial was used for LSF and order of this

polynomial was determined with statistical analysis of
coefficients. It should be noted that this technique may
lead to an ill-conditioned systems of equations. Kang et
al. [3] proposed an improved response surface using
moving least squares approximation which considered
higher weights for the experimental points close to design
point. First and second order RSFs were employed to
evaluate the seismic fragility of reinforced concrete
structures in [4]. It was indicated that these RSFs are
sensitive to sampling design, and results of second order
RSF are more accurate than first order RSF [4]. Zhao and
Qiu [5] proposed a RSM using control points which can
guarantee that experimental point lies exactly on the
failure surface and is close to the actual design point.
Application of RSM for the evaluation of the response
statistics of structural systems subjected to stochastic
excitation was indicated in [6].

A probabilistic framework was proposed to relate
ground motion intensities to structural responses in [7]. In
this method, the displacement capacity and transition
point of structure are calculated based on a set of ground
motion records. The output of this technique is a curve
which indicates cumulative probability of structural
collapse in terms of ground motion intensities. These
curves were calculated for a RC building by incorporating
uncertainties in ground motions by Faggella et al. [8].

Presently it has not been well investigated that
computation of seismic performance reliability of a RC
structure requires knowing what constituents of the
structure are being in a failed or satisfactory performance.
Such knowledge is essential for estimating the
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performance reliability of a RC structure and imposes a
systemic methodology for this purpose. In this study, an
integrated algorithm is proposed to calculate seismic
performance reliability of RC structures which can model
uncertainties at structural elements level and also
calculate the seismic performance reliability of the
structural system for different damage levels of
components. This algorithm is based on an improved
RSM, FORM, conditional reliability indices and linear
safety margins of structural components.

2 Improved RSM to estimate LSF

In seismic reliability studies, LSF shows the
boundary between safety and failure domains. In most
cases, LSF cannot be explicitly formulated in terms of
random variables, particularly for real structures including
large number of random variables. An effective technique
which can be used for such problems is RSM, in which
implicit LSF is approximated by an explicit expression as:

G(X) = RP(C; X) 1)

where X is vector of random variables, G is implicit LSF,
RP is estimated RSF and C is a vector of RSF parameters
which calculated based on deterministic structural
responses at experimental points. RSF has been widely
used as polynomials in structural random analysis
problems and two factors are effective in accuracy of the
results: polynomial order and selection of experimental
points [9, 10]. Polynomial order is selected such that there
is a compromise between accuracy and efficiency of
calculation. It is evident that the use of high-order
polynomials  improves accuracy, but increases
computational efforts. In terms of efficiency, polynomial
order should be selected as the number of deterministic
structural analyses is reduced for calculation of RSF
parameters, which is important in problems with many
random variables. In addition, it may be led to an ill-
condition system of equations when using high-order
polynomials [2]. Accordingly, a second-order polynomial
with interaction terms was applied in this study:

RP(X) =c¢o + Ziv=1 cix; + Z{V=1 Ciixiz +
+ X Y cixixg (2)

where ¢y,C;, ¢;; and ¢;; are polynomial coefficients with
the number of 1 + 2N + N(N — 1)/2and x;;i=1,...,N
are random variables. Coefficients of this RSF are
calculated based on a set of experimental points on the
exact LSF. It is important to select experimental points for
estimating LSF properly. For this reason, an improved
algorithm is repeatedly applied for fitting RSF as given in
Fig. 1. In the first iteration of this algorithm, experimental
points with the number of 10x[1+2N+N(N—1)/2)] are
generated around mean of random variables. Response
parameters of structure are calculated at these points with
Non-Linear Dynamic Analysis (NLDA); then, RSF is
fitted as Eq. (2). Reliability index (5), design point (DP)
and relative importance of random variables are
calculated for the fitted RSF through FORM. fis
Hasofer-Lind reliability index [11] and relative

importance of random variables is identified using
importance measures of FORM in [12].
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Figurel Flowchart of the proposed algorithm for fitting LSF and
calculating performance reliability indexes
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Figure 2 The blocksampling design based on relative importance of
random variables

Sampling blocks are considered based on relative
importance of random variables so that the most
important variable is in the first block, two variables are
in the second block (with importance ranking 2 and 3),
three variables are in the third block (with importance
ranking 4, 5 and 6) and so on. New experimental points
are generated in these sampling blocks for the next
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iterations of this algorithm. The experimental points are
ordered in each block with 4 states: i) minimum to
maximum, ii) maximum to minimum, iii) maximum in
the median with a descending order on two sides, and iv)
minimum in the median with an ascending order on two
sides. The total number of deterministic analyses in every
iteration is 4"°xNV where NB and NV are the number of
sampling blocks and the number of random variables,
respectively. The sampling design for 10 random
variables is shown in Fig. 2, in which the number after IV
indicates the ranking of the random variable for
importance. This sampling design considers more
experimental points for the important random variables;
therefore, LSF can be estimated more properly. In the
next iterations of this algorithm, point of the sampling
center is improved based on a linear interpolation strategy
[13] as:

IfG(DP,) = G(CP))

_ —cp) 5D
CP,y, = CP; + (DP; — CP)) DRI (3a)
IfG(DP) < G(CP))
G(DP]')
CP+, = DP; + (CP; — DP;) (3b)

G(DP;)-G(CP})

where CP; and DP; are coordinates of sampling center
point and design point in iteration j, g(CP;) and g(DF;)
are structural responses based on nonlinear dynamical
analysis in CP; and DP;, respectively, and CP;,; is new
coordinates of sampling center point. This iterative
algorithm will continue until the predefined tolerance
criteria  are  satisfied as:  (CPjy, —CP)/CP; <
|0,05| and (DP; — DP;_;)/DP;_; < 10,01] .

Quality and accuracy of RSF are checked with a
descriptive statistical measure, R2, j» which indicates

correlation between the estimated and exact values of
LSF [14]:

v-1

RZ4j = R? —E(l—RZ) “4)
_ 2 [ex @) =2 [6(x W) -rP(Cix W)’

RZ
9,4 [6(x®)]?

)

where o is the number of experimental points and v is the
number of RSF parameters. This criterion was used as
RZ4; = 0,95 in this study.

3 The proposed systemic approach

Uncertainties in a RC structure are related to
uncertainties in constituents of that structure; for example,
uncertainty of concrete compressive strength in a RC
structure is caused by its local variability at structural
components level. This local variability causes reliability
indices to be different for a given performance level in
different  structural =~ components. Consequently,
application of a systemic approach is necessary for
evaluation of seismic performance reliability in these
structures. In this study, a systemic approach is proposed
which is quite general in concept, so that it can be used
for calculating performance reliability of RC structures at
different damage levels of structural components. In this

approach, LSF was defined at structural component level,
as Eq. (2), and probability of exceeding a performance
level was determined for each structural component as:

Pnsp—i = P(GL(X) < 0) = P(GL(T_I(Z_)) < 0) =
= P(g:(2) < 0) ©)

with Z = T(X), basic variables of X = (xy, %, ..., Xp,)
were transformed into standard normal variables of
Z = (24,2, ..., Z,). As demonstrated in Fig. 3, g; can be
linearized at a point with distance f from origin of
coordinates, called design point, and finally Py,_; can be
estimated using the following relation:

Posp—i = P(g:(2) £ 0) = P(@[Z + f; < 0) = o(—=B) (7)
where @; = (a{, aé, ...,a,il) is a vector including
directional cosines of linearized LSF, f; is reliability
index,and @ is standard normal cumulative distribution
function. It can be said that

M;=alz, + akz, + -+ alz, + B; (8)

is a linear safety margin for structural component i.

Zz)\

Failure domain

Y
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Figure 3 Reliability analysis for two structural elements with linear
safety margins

Series system

>

Parallel system

Figure 4 Series and parallel systems of structural elements

To estimate performance reliability in the structure,
structural components can be modeled as a series, parallel
or combined systems (as shown in Fig. 4). Finally,
probability of exceeding performance level can be
calculated as [15]:
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RS, =P (U(Gm < 0)> =p (U(gi(Z‘) < 0)> ~
i=1
~ P (U(aTZ +6; < 0))

=1-P(NZ (@ Z < B)) =1~ Pn(B; ) ©)

Py =P (ﬂ(cioo < 0)> =P (ﬂ(gi(z‘) < 0)> ~
~P (ﬂ(a-TZ_+ Bi < 0)) =

- P(n 1(aTZ < _Bl)) - m( .8 p) (10)

where B = (By, .., Bm).P = [p;;] is matrix of correlation
coefficients between structural components, and @, is the
multi-normal distribution function.

It is evident that different scenarios of damage at
structural component levels can be applied for evaluating
seismic performance reliability of a RC structure and each
performance scenario has a unique reliability index. In
this study, the most probable performance scenario, which
had the smallest reliability index for a given performance
level, was used. This scenario was applied at different
damage levels of structural components so that
performance reliability index of the structural system was
calculated at level 0 based on the most critical structural
component as:

min B!

i=1,..,m (b

ﬂsoys =

At level 0, structural components were separately
considered from other components; therefore, their
correlation was ignored in the analysis. It is evident that
this estimation is very optimistic for performance
reliability of structural system.

At level 1, performance reliability index of the
structure was estimated through a series system of
structural components, as shown in Fig. 5. Because it was
not possible to calculate the multi-normal distribution
function in Eq. (9) for a large number of components,
Pnssp can be estimated using some components of this
series system [16]. These components were selected so
that their reliability index was within interval
[BLin BEin + AB1], where AB, is a defined positive value.

e >— 2By

FigureS Modeling of the performance reliability of structural system at
level 1 and level 2

Performance reliability of the structural system at
level 2 was calculated based on a combined system, as
shown in Fig. 5. It was a series system of parallel
subsystems including two structural components. At level
2, it was assumed that structural component of L with the
smallest reliability index overpassed the given
performance level. Then, new conditional reliability

indices were calculated for all components (except for
component L), and B, was determined. Structural
components with conditional reliability indexes within
interval [Brin, Bmin + AB2] were combined in parallel
with component L, where Af, is a defined positive value.
Finally, performance reliability index of structural system
at level 2 was calculated as follows:

i) Conditional safety margins (MEiIELnsp) were

evaluated for structural components within interval
[Bisin Bvin + DB 1.

ii) Probability of exceeding the given performance level
was calculated for each parallel subsystem using Eq.
(10) and the equivalent linear safety margin (MP)
were also estimated.

iii) Probability of exceeding the given performance level
was calculated for the structure at level 2 by Eq. (9).

It is appropriate to note that MEi|ELnSpand MP are

calculated so that the equivalent reliability index (8°) is
equal to ﬂEi|ELnSpand BT, respectively. As a result, they

will have identical sensitivity to variations of basic
variables [17]. These equivalent linear safety margins
(M*®) were estimated as follows:
M® =ajz, + -+ agz, + B¢ = i1 7z; + B¢ (12)
where a® = (a7, ..., @) is a unit vector calculated using

numerical derivative for a negligible increase of € in basic
variables:

aﬁ” OBEi|ELnsp
|s P |§=ﬁ
0
or ;
\/21 1[ |S 0] n [6ﬁEi|ELnSP |_—6]
j=1 aS]' &=
o=1,..,n (13)

The proposed algorithm could be applied in systemic
approach for calculating performance reliability of a
structure at different damage levels of the structural
components through the following steps:

1) Assume that m is the number of structural
components.

2) Define LSF for each structural component.

3) Calculate B and P,g_;(i=1,..,m) for the
structural components using the algorithm shown in
Fig. 1.

4) EvaluateM; for structural components as Eq. (8).

5) Sort structural components based on B as
{ﬁgbﬂgmﬁgl'ﬂgz: ---'ﬂgq} where ﬁl(s)L is min .Biof and
B2ois max B7. If two structural components are fully
correlated, then, only one of them is selected in this
set.

6) Determine level N for analyzing performance
reliability of the structure.

7) If N =0, then, Bds = BiL, Pisp
to Step 19.

8) If N = 1, then, model the structure as a series system
of the components given in Step 5. Consider

NI = B2, and go to Step 13.

= Pnsp—EL , and go
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9) If N >1, identify critical set {E¢q,Eciz, Eciz,
v, Ecry_q}  which includes N —1  structural
components starting from B9, in {5, Bk
BB - B}

10) Calculate conditional reliability indices and
equivalent linear safety margins (M€) for the
following events from critical set:

{Ec'2|EC'1 nsp'Ec'3|E(c'1,c'2)nsp' -
EC’N—1|E(c'1,6’2,...,C'N—2)nsp}-

11) Calculate conditional reliability indices (5~') and
equivalent conditional safety margins (M¢) for all

structural components, except for members of the
critical set as:

En-n+1 E(c'1,c’z,...,c'1v—1)nsp :

12) Consider the smallest reliability index in Step 11 as

N-1

min -

13) Select AByand consider structural components in
interval[BNoL BN-L + ABy]; if N =1, go to Step
18.

14) Form parallel systems which include N structural
components. N — 1 components of this system were
determined in step 10 and the last component is each
one of the selected components in Step 13.

15) Calculate probability of Pn’;p and reliability index for
each parallel system in Step 14.

16) Determine equivalent linear safety margin (M¢) for
each parallel system in Step 14.

17) Form a series system of the parallel systems in Step
14.

18) Calculate Bdys, Pap for the given series system.

19) End.

The proposed approach was applied for a RC
structure which was indicated in the following section.

4 Numerical studies and discussion

In this section, seismic performance reliability of a
RC structure is evaluated based on systemic approach. In
this structure, LSF is defined as:

G(X) = RP, —RP(X) (14)

where RP;, shows response parameter limit value of
RP(X) for performance level. The LSF is defined at
components level of structure for performance levels of
Immediate Occupancy (IO), Life Safety (LS), and
Collapse Prevention (CP) as:

Gro-ce(X) = RPpg¢(0,005; 0,1) — RPpre(X) (15)
Grs—ce(X) = RPppc(0,015;0,1) — RPprc(X) (16)
Gep-ce(X) = RPppc(0,020; 0,1) — RPppc (X) (17)
Gro-pe(X) = RPppp(0,010;0,1) — RPprp (X) (18)
Gps—pr(X) = RPpg(0,020;0,1) — RPpgy (X) (19)
Gep-pe(X) = RPpgy(0,025;0,1) — RPppp(X) (20)

where RPppc and RPpgp are maximum plastic rotation in
column and beam components, respectively. Threshold
values of maximum plastic rotation are considered with a

lognormal distribution and numbers in parenthesis show
mean and coefficient of wvariations for the given
performance levels [18, 19].

Uncertainties relating to ground motion are
incorporated in this approach using artificial acceleration
records generated by a non-stationary simulation based on
the models proposed in [20, 21].These accelerograms are
scaled in (0,2 + 1,5)T based on the generated spectral
accelerations. In addition, the accelerograms have a
significant duration greater than or equal to 10 s [22].

Uncertainty in properties of materials affects
performance of structure because real properties of
materials are usually different from those which have
been applied in design, which it changes force-
deformation relations for structural members. Therefore,
to evaluate performance reliability of the structure,
parameters of concrete materials including compressive
strength (f,), strain at compressive strength (&) and
ultimate strain (&) are considered as random variables.
Uncertainties in properties of steel materials are also
incorporated through yield strength (Fsy), ultimate
strength (F,,), modulus of elasticity (E,) and strain at the
start of hardening (&g) of steel bars.

4,
OO TP T T
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(C2) ) 9Ys (C2)  (C2) ’
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EC9( ECI0 ECIL  ECI2| |
C2) (€2 9 (C2) (C2) ’
[LCTETT] [ITE LIy e -
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EC5 EC6 EC7 EC8 3,0m
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T: 1654 mm?
Bl 400x400 B- 1105 mm’ @8/75
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B: 676 mm®

Figure 6 The RC moment frame with 4 stories - 3 bays

Gravitational loads are another source of uncertainty
because real construction details can change from those
which have been assumed in design. In this study,
uncertainty in gravitational loads of roof (q,) and stories
(qs) were separately considered and their distribution
parameters were calculated based on their nominal values
in [22] with bias factor =1,05 [23]. It is appropriate to
note that the RC structure is first subjected to
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gravitational loads, followed by nonlinear dynamic
analysis for ground motions. The nonlinear dynamic
analysis was carried out using IDARC [24].

The proposed approach was applied for a RC moment
frame with three bays and four stories in the city of
Kerman which was designed according to [22, 25] (see
Fig. 6). Type of probability distribution and distribution
parameters are given in Tab. 1 for random variables.
Distribution parameters are different at structural
components level. Seismic performance reliability indices
were calculated for the structural components
demonstrated in Fig. 6 based on the LSFs given in

Egs.(15) to (20) and the results are presented in Fig. 7. It
was found that structural components overpassed the
given performance levels as EB8, EB7, EC9, ECI10, ...,
ECI1, EC5, EC6, respectively. Therefore, performance
reliability indices changed in components of this structure
as ﬁIO—ECG — 2'54; ﬁLS—ECG — 2’29 and BCP—ECG — 2’21.
Bro-EBs BLs-EBs CP-EB8
EBS8 component had the smallest performance reliability

index between structural members, accordingly, reliability
of this structural system was estimated at level 0 based on
this component as B = 0,97, 5% = 1,30 and B2 =
1,501.

Table 1 Parameters of random variables at components level of 4 stories RC frame

Random variable Element Mean Standard deviation Distribution type
EBI1 to EB3, EC1 to EC4 32,81 4,92
EB4 to EB6, EC5 to EC8 29,06 4,36
Je (MPa) EB7 to EB9, EC9 to ECI12 26,04 3,91 Lognormal [26, 27]
EB10 to EB12, EC12 to EC16 28,10 421
EBI1 to EB3, EC1 to EC4 2,24x107° 3,37x107°
EB4 to EB6, EC5 to EC8 2,04x107° 3,06x10~* L 1126.27
Ee0 EB7 to EB9, EC9 to ECI12 1,72x10 2 2,58x10 * ognormal [26, 27]
EB10 to EB12, EC12 to EC16 1,85x10°° 2,78x10°*
EBI1 to EB3, EC1 to EC4 3,78x107° 567107
EB4 to EB6, EC5 to EC8 3,54x107° 531x107° L 1126.27
Eeu EB7 to EB9, EC9 to ECI12 3,0x10 4.5x10 7 ognormal [26, 27]
EB10 to EB12, EC12 to EC16 3,26x10° 4,89x10°*
EB1 to EB3, EC1 to EC4 308,2 15,41
EB4 to EB6, EC5 to EC8 297,21 14,86
Fy (MPa) EB7 to EBY, EC9 to EC12 297,21 14,86 Lognormal [26, 27]
EB10 to EB12, EC12 to EC16 308,2 15,41
EB1 to EB3, EC1 to EC4 517,1 25,85
EB4 to EB6, EC5 to EC8 497,1 24,86
Fou (MPa) EB7 to EBY, ECY to EC12 4971 24,86 Lognormal [26, 27]
EB10 to EB12, EC12 to EC16 517,1 25,85
EB1 to EB3, EC1 to EC4 200598,9 10029,95
EB4 to EB6, EC5 to EC8 198986,7 9949 33
Es(MPa) EB7 to EB9, EC9 to ECI12 198986,7 994933 Lognormal [26, 27]
EB10 to EB12, EC12 to EC16 200598.,9 10029,95
EBI1 to EB3, EC1 to EC4 3211072 3,21x107°
EB4 to EB6, EC5 to EC8 2,96x107> 2,96x107° L 1126. 27
EsH EB7 to EB9, EC to ECI12 2,96x10 2 2,96x10 ognormal [26, 27]
EB10 to EB12, EC12 to EC16 3,21x1072 3.21x107°
EBI1 to EB3, EC1 to EC4 42,14 6,32
gs (kKN/m) EB4 to EB6, EC5 to EC8 40,05 6,01 Normal [23, 27]
EB7 to EB9, EC9 to EC12 36,22 5,43
g, (kN/m) EB10 to EB12, EC12 to EC16 33,78 5,07 Normal [23, 27]
S, (g) EB1 to EB12, EC1 to EC16 0,69 0,48 Extreme type II [27]
Table 2 The performance reliability of 4 stories RC frame with systemic approach
P.L. N ABy BYs Py (x107%) | Boole bound (P, x 1072) KHD bound (B, X 107%)
10 0,979 0,150 0,665 25314 16,608 + 60,354 17,266 + 27,533
L1 LS 1,380 0,353 1,343 8,966 8,379 + 31,905 8,723 + 9,258
CP 1,501 0,353 1,472 7,056 6,668 + 25,981 6,945 + 7,185
10 -1,002 | 0,529 0,976 16,450 15,822 + 59,695 16,369 + 17,143
L2 LS -1,206 | 1,442 1,365 8,620 8,183 + 35,335 8,396 + 8,617
CP -1,285 | 1,468 1,484 6,89 6,549 + 29 344 6,73 + 6,893
10 1,021 0,245 1,622 5,250 5,242 + 24,637 5,245 + 5251
L3 LS 1,572 0,190 2,186 1,440 1,44 + 7,159 1,440 + 1,441
CP 1,689 0,244 2,328 0,996 0,996 + 4,860 0,996 + 0,997
10 1,011 0,386 1,728 4,201 4,179 + 19,699 4201 +4.210
L4 LS 1,754 0,237 2,255 1,207 1,131 + 5,600 1,161 + 1,235
CP 1,872 0,269 2,411 0,795 0,708 + 3,605 0,739 + 0,840

By applying the proposed algorithm in this structure,
performance reliability indices were calculated at levels 1

to 4 and the results are shown in Tab. 2. It should be
noted that performance reliability of this structure was
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evaluated at levels 1 to 4 based on the combined systems
as:

L1: {[EBS8]-[EB7]- [EC9]- [EC10]},

L2: {[EB8,s, EB7| EB8,,]-[EB8,s, EC9| EBS8,,]-[EB8,gp
EC10| EB8,sp]-[EB8,sp EC14| EB8,sp1},

L3: {[EB8,5;EB7,5,EC9| (EB8, EB7) 15p]-[EB8spEB71sp
EC10| (EB8, EB7) 1p]-[EB8,,EB7,,5,EC14| (EBS, EB7)
nsp]'[EBSnspEB7nSpECl3| (EB87 EB7)nsp]}a

L4: {[EB8,5,EB7,55EC,sp EC10]| (EB8, EB7, EC9) p5]-
[EB8,,EB71spECO.s, EC14| (EBS, EB7, EC9)pgp]-
[EB8,,EB71spECO0s, EC13| (EBS, EB7, EC9)pgp]-
[EB8,,EB71spECO:s, EB4| (EBS, EB7, EC9)pgp]
Symbols "-" and "[ ]" show that the components are
combined as series and parallel systems, respectively. In
Tab. 2, it can be observed that probability of exceeding
the given performance levels was reduced until analysis
level increased, which was considerable for L2 and L3,
ie. EB8 component would overpass the given
performance levels which would have a significant effect
on performance reliability index of this structure. The
results were verified at each analysis level with the Boole
bound and KHD bound [28] for each performance level,
as shown in Tab. 2. Comparison of the results of the
proposed algorithm with these bounds showed that
probability of exceeding the given performance levels
was properly calculated.

Annual probability of exceeding the given
performance levels can be calculated for this structure
using a Poisson arrival process for occurrence of
earthquake [29] as:

Pan-nsp = 1 — exp(—2RN,) (21)

where 4 is annual rate of earthquake occurrence, which is
0,0039 for the given spectral accelerations [20]. In other
words, annual reliability for a performance level can be
determined as: B,, = —<;D_1(Pan_nsp). Annual probability
of exceeding the given performance levels along with
annual reliability index is shown in Tab. 3 for this
structure from levels 0 to 4. It was recommended a
maximum failure probability of 10~* in [30, 31] based on
a reference period of one year for final limit states. It was
found that the permissible limit of 10™* was satisfied in
this structure in L3 and L4 for performance levels of LS
and CP, as given in bold in Tab. 3.

Table 3 The annual reliability indexes of 4 stories RC frame with
systemic approach

Performance level : 10
L0 L1 L2 L3 L4
Ban 3217 | 3,094 | 3,220 | 3,534 | 3,592
Pan—nsp (X 107%) | 6,475 | 9,868 | 6,413 | 2,045 | 1,638
Performance level : LS
LO L1 L2 L3 L4
Ban 3,408 | 3,390 | 3,401 | 3,862 | 3,905
Pan—nsp(X 107%) | 3,267 | 3,496 | 3,360 | 0,561 | 0,471
Performance level : CP
L0 L1 L2 L3 L4
Ban 3,470 | 3,455 | 3,461 | 3,951 | 4,005
Pan—nsp (X 107%) | 2,600 | 2,752 | 2,688 | 0,388 | 0,310

Also, seismic performance reliability in the structure
was evaluated through overall approach which was
conducted based on a LSF, defined using overall
conducted based on a LSF, defined using overall
parameters of the structural response such as maximum
interstory drift. In the overall approach, LSFs relating to
performance levels of IO, LS and CP are defined as:

Gro-pr(X) = RPpr(0,01;0,1) — RPpr(X) (22)
Grs—pr(X) = RPpr(0,02;0,1) — RPyr(X) (23)
GCP—DR(X) = RPpp (0'04; 0,1) — RPpg (X) (24)

where RPpp is maximum drift of the structure. Threshold
values of maximum drift are considered with lognormal
distribution and numbers in parenthesis show mean and
coefficient of variations for the given performance levels
[18]. Performance reliability indices of this structure were
calculated for LSFs as Egs. (22) to (24), and the results
are presented in Tab. 4. Results of MCS for these LSFs
are also demonstrated in Tab. 4, and it was found that the
improved RSM properly evaluated seismic performance
reliability of this structure. Annual probability of
exceeding the given performance levels was calculated
for this structure based on overall approach, and results
were shown in Tab. 5. It was found that Py, _ng, in this
structure for performance level of CP is less than the
permissible limit.

Because the annual seismic performance reliability
was calculated for this structure based on overall and
systemic approaches, results of these approaches were
compared in Fig. 8. The former demonstrates that Py, _ysp
based on overall approach did not exceed the permissible
limit for performance level of CP; but, in the systemic
approach, this limit was satisfied for LS and CP only in
L3 and L4. This comparison clarified that the results
obtained from overall approach corresponded to results of
the proposed systemic approach in limits between L2 and
L3; ie. a structural component exceeded the given
performance levels.

Table 4 The performance reliability of 4 stories RC frame with overall

approach
LSF Analysis B Py (X107
G FORM 1,0458 14,78
[0-DR MCS (N=5x10°) 0,9943 16,00
G FORM 1,5968 5,516
LS—-DR MCS (N=5x10°) 1,591 5,581
G FORM 2,1024 1,776
CP-DR MCS (N=5x10°) 2,1035 1,771
Table 5 The annual reliability indexes of 4 story RC frame with overall
approach
Performance level Ban Pon—nsp(X 107%)
10 3,250 5,764
LS 3,521 2,151
CP 3,811 0,693
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Figure 7 The performance reliability indexes of structural elements and corresponding probabilities for 4 stories RC frame
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Figure 8 Comparison of the annual performance reliability of RC frame with 4 stories based on overall and systemic approaches

5 Conclusions

In this paper, an integrated algorithm was proposed
for reliability assessment of the seismic performance of
RC structures. This algorithm is based on LSFs at
structural components level and a systemic approach for
estimating performance reliability of the structure.

The LSFs were estimated using an improved RSM
which was accomplished based on an iterative scheme. In
this scheme, structural response parameter was calculated
by nonlinear dynamical analyses at the experimental
points selected in mean range of random variables in the
first iteration. The LSF was estimated based on the
second-order polynomial with interaction terms of
random variables, and FORM was used for calculating
performance reliability index as well as relative
importance measures of random variables. In the next
iterations, sampling center point was updated through a
linear interpolation strategy which caused LSF to be

properly evaluated in the design point and the
experimental points are generated in sampling blocks
based on the importance ranking of random variables. The
sampling design generates more experimental points for
more important random variables; therefore LSF was
estimated more properly. Finally, when the tolerance
criteria based on coordinates of the sampling center point,
design point and quality of RSF were satisfied, the
seismic performance reliability of the structural
component was calculated using the final fitted RSF and
FORM.

Major advantage of the proposed algorithm is that the
performance reliability of the RC structure was calculated
based on structural components with a systemic approach
that employs the most probable non-performance scenario
at the components level to establish the series and parallel
subsystems. The main advantage of the systemic approach
was that variations of parameters relating to properties of
materials and loads at structural components level could
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be directly incorporated for analyzing the performance
reliability of the structural system. Another advantage of
the systemic approach was that the performance reliability
of RC structures can be evaluated at different damage
levels of the structural components while it was not
possible using LSFs based on an overall acceptance
criterion of the structure.

The systemic approach was applied for a RC moment
structure, in which LSF was defined based on maximum
plastic rotation of structural components for the given
performance levels. Uncertainties in the material
properties, ground motion characteristics and gravity
loads were incorporated for estimating the seismic
performance of the structure. The performance reliability
of the structure was evaluated at different damage levels
of the structural components and its results were
compared with bound techniques at each analysis level. It
was shown that the proposed systemic approach
satisfactorily estimated probability of exceeding the given
performance levels for different scenarios of the
components damage. It was also observed that the
probability of exceeding the given performance levels
will decrease when the non-performance scenarios are
considered at high levels of the components damage.

Overall approach was also used for evaluating
seismic performance reliability of this structure, in which
LSF was defined based on maximum drift of the structure.
This study indicated that the overall approach provided
only one reliability index for the seismic performance of
the structure, while the proposed systemic method had not
such restriction. Results of the systemic approach were
compared with overall approach using MCS and
improved RSM. This comparison clarified that the overall
approach was equivalent to a structural component
overpassed the given performance level in the systemic
approach.
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