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Optimal design of corroded reinforced concrete structures by using time-

variant reliability analysis

Y. Aoues & E. Bastidas-Arteaga & A. Chateauneuf
LaMI, Blaise Pascal University, Polytech’Clermont-Fd, Campus des Cézeaux, BP 206, 63174 Aubiere Cedex,

France

ABSTRACT: The design optimization of RC structures should take into account the uncertainties related to
all, material properties, geometry, loading and deterioration. The Time-Variant Reliability-Based Design Op-
timization (TV-RBDO) consists in finding the optimal design by satisfying appropriate safety level during the
whole structure lifetime. This work proposes an efficient method for TV-RBDO, where the classical formula-
tion is transformed into a sequence of equivalent deterministic design optimization sub-problems. This trans-
formation is defined by the mean of optimally calibrated safety factors, linking the reliability requirement to
the equivalent deterministic optimization. The proposed method is developed to account for deterioration
(corrosion) and is applied to optimize a corroded RC bridge girder. The results show the effectiveness and the

efficiency of the method.

1 INTRODUCTION

The design of reinforced concrete (RC) structures
involves several types of uncertainties related to
concrete and steel properties, structural dimensions,
depth of the concrete cover, load fluctuations and
accuracy of the analysis models. All these uncertain-
ties contribute to make the performance of the RC
structures different from the expected one. In addi-
tion, when a RC structure is located in a corrosive
environment and subjected to chloride penetration,
the corrosion can significantly influence the long-
term performance. The deterioration of the RC struc-
tures (bridges, port, offshore platforms...) is a major
problem for many companies and countries, where
high costs are involved to maintain, repair or replace
degraded structures. For example, CC Technologies
Laboratories Inc. (2001) show that the annual direct
cost of corrosion in USA highway bridges is esti-
mated to be 8.3 billions of dollars.

Structural optimization is frequently applied for
effective cost reduction of engineering systems. As
the rational approach consists in finding the best
compromise between cost reduction and safety as-
surance, the structural reliability theory provides an
appropriate approach to take account for uncertain-
ties (Ditlevsen & Madsen 1996). The Reliability-
Based Design Optimization (RBDO) allows us to
reach effectively balanced cost-safety configurations

(Frangopol & Moses 1994, Enevoldsen & Serensen
1994, Aoues & Chateauneuf 2007). However, to de-
sign RC structures subjected to deterioration (e.g.,
corrosion, creep, fatigue, etc.), the RBDO approach
should use time-variant instead the time-invariant re-
liability analysis, where load and environmental
fluctuations are modeled by stochastic processes.

The classical formulation of the Time-Variant Re-
liability-Based Design Optimization (TV-RBDO)
consists in minimizing an objective function defined
by initial and expected failure costs under reliability
constraints (Kuschel & Rackwitz 2000). This formu-
lation is not suitable for real engineering structures
because considerable time consumption is involved,
and convergence can hardly be achieved. The major
drawback lies in the time-variant reliability analysis,
which requires considerable computational efforts.
Moreover, in the classical approach of TV-RBDO
this reliability analysis is performed in both the ob-
jective function and constraints.

Several works are focused on developing efficient
and robust approaches for RBDO (Chateauneuf &
Aoues 2008). However, few studies are interested by
TV-RBDO. In this work, a new methodology of TV-
RBDO of RC structures is developed on the basis of
decoupling the time-variant reliability analysis and
the optimization procedures. This concept has been
already used in the RBDO, as in the SORA method
developed by Du & Chen (2004).

The proposed approach is based on transforming
the TV-RBDO problem into a sequence of equiva-



lent deterministic design optimization sub-problems.
This transformation is defined by the mean of opti-
mal safety factors, linking the reliability requirement
to the equivalent deterministic optimization. At the
end of each optimization sub-problem, the reliability
constraint is verified by performing the time-variant
reliability analysis based on the outcrossing proce-
dures. The safety factors corresponding to the target
reliability level at the initial time are calibrated by
inverse probabilistic approach. Finally, these safety
factors are provided to the following sub-problem of
the equivalent deterministic optimization and so on,
until convergence. The numerical example of opti-
mizing a corroded RC bridge girder shows the effi-
ciency and the good-standing of the proposed
method, through the comparison with classical TV-
RBDO approach.

2 TIME-VARIANT RELIABILITY ANALYSIS

The probabilistic models are usually used to describe
the deterioration phenomena. When the time de-
pendency affects only the degradation mechanism,
where the material properties are decaying with
time, the uncertainties are often modeled by random
variables multiplied by deterministic functions of
time describing the degradation kinetics. In this case,
the problem can be treated by time-invariant reliabil-
ity methods (Andrieu et al. 2002). However, there
are many problems where the deterioration is influ-
enced by phenomena that vary randomly with time,
as the weather actions (i.e. temperature, relative hu-
midity...) and loading (i.e. wind, traffic...). The sto-
chastic processes are usually used to describe these
phenomena. For these problems, the time-invariant
reliability analysis is not valid.

The time-variant reliability aims at computing the
probability of failure during the whole structure life-
time, when the time dependency lies in the loading
and the degradation phenomena. Several approaches
are addressed to assess the time-variant reliability,
which can be done either by simulation techniques
or by approximate approaches. Sampling methods
such as the Monte Carlo simulation are computa-
tionally very expensive.

The approximate approaches are generally based
on the outcrossing approach (Ditlevsen & Madsen
1996). Schall et al. (1991) have used the outcrossing
approach and asymptotic integration to assess the
probability of failure, which is related to the mean
number of outcrossing of the random process
through the limit state surface. Hagen & Tvedt
(1991) suggested an original approach based on a
parallel system reliability formulation for computing
the outcrossing rate. This formulation is useful be-
cause it is based on time-invariant reliability tools.
The PHI2 method developed by Andrieu et al.
(2002) is based on this approach.
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Figure 1. Computation of the outcrossing rate using PHI2.

2.1 The PHI2 method

Considering the following limit state function
G(t, X(t,co)), where X(¢,w) denotes the set of ran-
dom variables Xj(w), j = 1,...,p and the one-
dimensional random process X(t,w), k =
ptl,....ptq, t represents the time and @ describes
the randomness in the mechanical model. The cumu-
lative probability of failure P;.(0, 7;) of the structure
within the interval [0, 77] is given by:

P, (0. T,) =Pr[37€[0, T,]|G(t, X(t, 0)) < 0 (1)

where 77 is the structural lifetime; G(z, X(z,w)) > 0
indicates the safe domain and G(¢, X(¢,w)) < 0 indi-
cates the failure domain. The cumulative probability
of failure P;(0, T;) is bounded by (Hagen & Tvedt
1991):
TL

ma [P (2)]< B (0. T,)< P (0)+ ] vty di (2)
where Pri(7) is the instantaneous probability of fail-
ure at a given time 7 and W) is the outcrossing rate
function defined by:

At—0 At (3)
where A4: G(t, X(t,w)) > 0 is the event where the
structure is in the safe state at ¢ and B:
G(t+At, X(t+At,a))) is the event that the struc-
ture is in the failure domain at r+A¢ (Figure 1). In the
PHI2 method, the outcrossing rate is given by:

D, (B(t),— B(t+A1); pg(t, t+AD))
v(t)= (4)
At
where @,(.) stands for the binormal cumulative dis-
tribution function; A(f) and A(t+Af) are the reliability
indexes corresponding to the two events 4 and B, re-
spectively; and p (z, t+At) is the correlation coeffi-
cient between the two events, which is given by the
sensitivities of the random variables obtained in the

two time-invariant reliability analyses.




p(t,t+At)=—a(t)-a(t+Ar) (5)

where o(f) and o(t+Af) are the sensitivities of the
two events A4 and B, respectively.

The advantage of the PHI2 approach consists in
the use of the FORM approximation, where the
time-variant reliability problem is converted to sev-
eral time-invariant reliability analyses. Figure 1
shows the concept of the PHI2 approach. In this
work, the PHI2 method is used, including the im-
provements proposed by Sudret (2008).

2.2 Discretization of random process

The discretization of the random process is required
for time-variant reliability analysis especially when
simulation methods are used. This discretization
consists in representing the random process Xi(¢,)
by a finite set of deterministic functions weighted by
a set of random variables. Several approaches can be
used, as Fourier series expansion, Karhunen-Loéve
expansion (Ghanem, & Spanos 2003) and EOLE ap-
proach (Expansion Optimal Linear Estimation) (Li
& Der Kiureghian 1993). The method retained in the
present work is the Karhunen-Loéve expansion:

X(t.0)=p, + 0,3 LS (1) (0) ©)

where py and oy are respectively the mean and the
standard deviation of the scalar Gaussian process
X(t,w); A; and f; are respectively the eigenvalues and
the eigenfunctions of the covariance function
pxx(t1,t); & 1s a set of independent normal variables
and ng; 1s the number of terms of the truncated dis-
cretization.

3 CLASSICAL FORMULATION OF TV-RBDO

Generally, the TV-RBDO is formulated like the
RBDO problem, where the expected total cost is
minimized under probabilistic constraints solved by
nested optimization. The outer loop concerns the op-
timization and the inner loop concerns the reliability
analysis leading to repeated evaluations of the per-
formance function. This scheme leads to an expen-
sive computation cost, where convergence and accu-
racy problems are observed.

min C,(d) + E[C, (d, X, )]
{Pﬁ, (d, X,7) < P 5V £ €[0, 7] 7
S A
hj (d)S 0;j=L...m
where d is the vector of the design variables; X is

the vector of random variables and stochastic proc-
esses; E[.] is the expectation operator; C; is the ini-

tial cost; Cr is the failure cost; P/ is the admissible
probability of failure and /; are deterministic func-
tions, such as the lower and the upper bounds of the
design variables. Kuschel & Rackwitz (2000) de-
fined the expected cost of failure by :

E[C, (4. X.1)] = [" £(d. X, 1) C, 5(¢) (8)

where Cr is the annual failure cost; f{d, X, ?) is the
time to failure and &) is the capitalization or dis-
count function. However, the PDF of time to failure
Ad, X, ?) is not easy to compute. An approximation
proposed by Sorensen & Tarp-Johansen (2005) for
instantaneous probability of failure is extended in
this work for cumulative probability of failure.

”+1P‘c d, X, ti _P-C d; X: ti—
E[CF]=; /s ( (1)+r;t’i ( I)Cf (9)

where Pr/(d, X, #) is the cumulative probability of
failure at ¢ ; r is the discount rate of the capitaliza-
tion function 1/(1+r)'. This approximation fits the
time-variant reliability analysis carried out by the
PHI2 method, where the lifetime interval [0, T;] is
discretized into n+1 sub-intervals.

4 PROPOSED APPROACH FOR TV-RBDO

The classical formulation of TV-RBDO converges
slowly or even fails to converge. The proposed ap-
proach is based on the concept of decoupling the re-
liability analysis and the optimization procedures.
This decoupled concept has been largely used in
RBDO problems (Royset et al. 2001, Du & Chen
2004).

In this study, the TV-RBDO problem is decoupled
and transformed into a sequence of sub-problems of
equivalent deterministic design optimization fol-
lowed by the time-variant reliability analysis. The
proposed approach called SOTVRA (Sequential Op-
timization and Time-Variant Reliability Analysis)
approximates the objective function at each determi-
nistic optimization on the basis of the previous time-
variant reliability analysis. At the end of each deter-
ministic optimization and time-variant reliability
analysis, the optimal safety factors are calibrated on
the basis of the target reliability index at the initial
time and provided to the next deterministic optimi-
zation sub-problem. In other words, the safety fac-
tors link the reliability requirement to the equivalent
deterministic constraints. The Figure 2 shows the
different steps of the SOTVRA approach, where the
principal steps are described in the following subsec-
tions.



4.1 Approximation of the objective function

The objective function of the TV-RBDO problem
formulated in Equation 7 requires a time-variant re-
liability analysis to evaluate the expected failure cost
E[Cr]. In the SOTVRA approach, the objective
function is approximated on the basis of the time-
variant reliability analysis performed in the previous
sub-problem. In this way, the reliability analysis is
avoided in the optimization procedure. The objective
function is approximated by a first-order Taylor ex-
pansion:

n+l
G, (d)=C, +Z[Pf(kc) (6) =P (2, )+
i=1

(k) (k) r (10)
[w%m@J_aaw(aJ] (a-a)|c

ad od T A+7r)"

where T indicates the transpose operator; P (1)
and P(k)j"'c(tj-l) are respectively the cumulative failure
probabilities at times # and #.; calculated at the K™
sub-problem; d* is the optimal design of the previ-
ous sub-problem; d is the current design point;
OP(k)f,C(ti)/@d and 8P(k?ﬁc(ti_1)/8d are the derivatives of
the cumulative failure probabilities regarding the de-
sign variables, respectively. These derivatives are
calculated by using the time-variant reliability re-
sults of the previous sub-problem. The cumulative
probability is approximated by the upper bound
given in Equation 2.

(k) _ pb "‘
PE(1) = PR (1) + ], vy di (1)
we assume that the outcrossing rate W(¢) is constant
in the interval [#,_;, t;] because the step length Az =
t—t;1 1s small, therefore the derivation is easily ob-
tained.

an,c ( ti) _ an,i (ti—l) aﬂ(ti—] ) +

od dB(t) od
-
4 * (12)
oo, (IB(ti—l )7_ﬁ(ti); p)
od
with: 3
Alz_gp(_ﬂ(ti—l)) (13)

The term A, depends on the nature of the design
variable d. When d; is a deterministic design variable
then 4, becomes:

1 oG(d, X, 7,,)

(14)

where VuG(u*, t;i-1) is the gradient of the limit state
in the normal space at the most probable failure
point u’ and at the time ti_1; 0G/0d; is the derivative
in the physical space of the limit state regarding the
design variable d;. These sensitivities are already
computed in the previous time-variant reliability
analysis and optimization sub-problem.

However, when d; is the mean of the random vari-
able X then:

or (xf)

od,
where (1) is the direction cosine of the random
variable X; at the time ¢ (o = VuG/|| VuG ||) and T
is the probability transformation, where x=7(u) (e.g.
if X; is normal variable with mean d; and standard
deviation gj, then 07(x;)/0d; = -1/ c;).

The term A3 is given as:

A=a(t,)x (15)

00 (B(1).=B(0). p) 3B(1) |
T op(1) od
0P, (A(t.).=B(1): ) 3B(t)
aﬁ(ti) od

It is reasonable to assume that the correlation co-
efficient p stays constant in the interval ¢, #,].

(16)
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Figure 2. Flowchart of the proposed SOTVRA method.

4.2 Computing the target reliability index B,

In practice, the target index at the design time is un-
known. The target index at the lifetime 7} is usually



linked to the admissible failure probability P/ by
FORM approximation:

i =07 (7) (17)
where @' is the inverse cumulative normal distribu-
tion. Generally, P% is given by socio-economical
considerations.

The design optimization is searched at the initial
time ¢ = 0, where the safety factors are calibrated on
the basis of the target index at this time /2 2. Figure
3 shows that 3y can be deduced if the profile of
the structural reliability index is known. This evolu-
tion is proposed as following:

Bl =P + g(Q-' (P (t2))-27(P.(1)) (8)

B

ra

é =0
o 1
b Blt)=d (Pf A1) x
> 2
3 = 2
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! : o : H
time t T time T,

Figure 3. Computation of the target reliability index at design
time B .

4.3 Calibration of the safety factors

The safety factors link the reliability requirement to
the deterministic optimization sub-problem. In this
work, a probabilistic procedure is proposed to cali-
brate the safety factors on the basis of the target reli-
ability index at the initial time3" . In this way, the
design space of the next equivalent deterministic op-
timization sub-problem is adjusted, where the design
variables are searched in order to satisfy the reliabil-
ity requirement.

It is however possible to reach the same target re-
liability level by infinite ways of setting the safety
factors. Nevertheless, only one combination of the
safety factors verifies the target safety and mini-
mizes the performance function. Besides, the mini-
mum structural performance that satisfies the target
reliability avoids over-designing of structures. In
other words, the proposed procedure aims at search-
ing for the safety factors corresponding to the target
reliability level 5~y by minimizing the structural
performance function. This procedure is formulated
as:

i G{ays -0
Y

(19)
sit. Hcp-l (A (v, ))H: i

where F is the cumulative distribution of the random
variables X; y* is the vector of safety factors at the
i sub-problem and x,, is the vector of characteristic
values of the random variables, which are taken as
the median value. When the design variables are the

means of random variables, the shift factors Aq are
defined in order to take into account this situation.
The vector Aqis given by:

AP =d" (v - 1) (20)

where d"® is the optimal design point obtained in
the k™ deterministic design optimization and yx,"
are the optimal safety factors of the random vari-
ables X4 which their means are the design variables
d. The updated safety factors y(k) and A¢® are pro-
vided to the next deterministic optimization sub-
problem.

4.4 Implementation and Convergence criteria

The proposed approach SOTVRA and the classical
TV-RBDO method are implemented in a computer
program using the MATLAB environment, which
contains a very useful optimization toolbox. The
SQP (Sequential Quadratic Programming) method is
used to solve the optimization problem. The conver-
gence criteria are formulated by the absolute
changes in design variables, the relative changes in
the objective function and the constraint verification.
The tolerance of these termination conditions is
fixed to 10~ and the maximum number of iterations
is fixed to 100.

5 APPLICATION

Consider the RC girder in Figure 4 with rectangular
cross-section, subjected to uniform live load. This
application aims at searching for the optimal design
for concrete cross-section defined by 4 and b, steel
area A, and the depth of the reinforcement cover c.
The structure is designed by the classical TV-RBDO
(Equation 7) and SOTVRA methods. The failure
probability of the optimal design should be always
less than the admissible probability P*; = 7.23x10”
during the whole structure lifetime. This admissible
probability corresponds to the target reliability index
ﬂmn = 3.8 and the lifetime 7; of the structure is
fixed to 50 years. The annual failure cost is sup-
posed proportional to the initial cost, i.e. Cy = 100 x
C;. Where C; is the initial cost calculated from the
concrete, steel and formwork costs.

C,=bhL,C, +p.C

con stl

LA+ C,(2h+b) (21)

where Ceon, Csy and Cp, are respectively the unit cost
of concrete, steel and formwork taken to 150.5 €/,
1.46 €/kg and 47 €/m*; p, = 7850 kg/m’ is the unit
weight of steel; L, and L, are respectively the total
beam length and the length of steel bars.
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Figure 4. Rectangular RC bridge girder.

The operational life of the RC girder is affected by
steel corrosion induced by chloride ingress. In satu-
rated conditions, chloride ingress into concrete ma-
trix can be simplified as a diffusion problem mod-
eled by Frick's second law (Tuutti 1982). The time
to corrosion initiation #,,; 1S the time at which a
threshold concentration of chlorides that induces
corrosion Cy, reaches the cover depth:

2 C -2
i = ° e”f_l 1-—
4Dcl Cv

where D, 1s the chloride diffusion coefficient in
concrete; erf(.) is the error function and Cs is the
chloride surface concentration. After ¢;,;, the corro-
sion of reinforcement is controlled by a well-known
electrochemical process. Corrosion can be quantified
in terms of corrosion current intensity i..., also
called corrosion rate. This parameter measures gen-
eral or uniform loss of metal and relates corrosion
current with section reduction. A corrosion rate of
feorr = 1 ,uA/cmz, corresponds to a section loss of
11.6 um/yr (Jones 1992). By assuming uniform cor-
rosion (Figure 5), the diameter reduction ¢,(f) in mm
at time ¢ is computed as:

(22)

4. () = ¢, —0.0232 j i, (0dt (23)

where ¢, is the initial diameter of the bar in mm,
and i, (f) must be given in ud/cm*. Equation 23 is
only valid if uniform corrosion is assumed; however,
chloride-induced corrosion is typically characterized
by highly localized corrosion (i.e. pitting corrosion).
According to Gonzalez et al. (1995), the maximum
penetration of pitting corrosion is about four to eight
times that of the uniform corrosion. If the ratio be-
tween pitting and uniform corrosion depth is related
by a factor «, the reduction in diameter at time 7, for
pitting corrosion becomes (Figure 5):

4,(t)= ¢, —0.01 1605_[: i, (0dt (24)

Based on the work of Gonzalez et al. (1995),
Stewart (2004) found that for a 125 mm length of re-
inforcing bar, the parameter « follows a Gumbel dis-
tribution with mean of 5.65 and coefficient of varia-
tion of 0.22. By using Equations 23-24, it is possible
to compute the effective reinforcement area of the
bars i.e. A,(t)=7¢(t)*/4, and subsequently, to evalu-
ate the loss of capacity of a RC beam. Thus, the limit
state function can be written:

G(d,X,t)=M,d, X, 1)~ M, (25)

where M,,, 1s the applied moment and M,(d, X, 7)
the ultimate moment given by:

0.594, (t) /)

M, (t)=A, (1) £, (h c)(l T ] (26)
where f. and f, are respectively the concrete com-
pressive strength and the steel yield stress, assumed
as random variables. The statistical data of the ran-
dom variables are detailed in Table 1. The applied
moment is considered as Gaussian process with
mean of 882 AN.m and coefficient of variation of
0.25. The autocorrelation function of this random
process is assumed as:

2
t,—t
Pss (tl,t2)=exp _[IL—LzJ

where L. is the length correlation fixed to 1 year.
The time-variant reliability analysis is carried out by
using a step length of 0.1 years. Figure 6 shows
some trajectories of the random process M,,, gener-
ated by using 10 terms of the the Karhunen-Lo¢ve

expansion.

27)

2

(a) (b)
Figure 5. Diameter of bar as function of time (a) uniform cor-
rosion (b) pitting corrosion.

Table 1. Statistical data of random variables (Bastidas et al.

2007).

Variables Mean CV Distribution
f. (MPa) 30 0.15 Lognormal
1, (MPa) 500 0.10 Lognormal
Cy, 0.37 0.11 Lognormal
Cs 2 0.30 Lognormal
Dy em’/s 1.62x10° 0.31 Lognormal
uore AT 2 0.30 Lognormal
a 5.65 0.22 Gumbel

The design variables 4, b, 4; and ¢ are the means
of normal random variables with coefficient of
variation of 0.03. The initial design point, the lower
and the upper bounds of design variables are de-
tailed in Table 2.

Table 2. Initial design values, lower and upper bounds.

Variables Initial value  Lower bound  Upper bound
h (cm) 80 20 120
b(cm) 60 20 120
A, (cm?) 50.27 12.57 251.1

C (cm) 4 3 5




Table 3 shows that both classical TV-RBDO and
SOTVRA methods lead nearly to the same expected
total cost. It can also be observed that the initial cost
C; and the expected failure cost Cr are almost the
same for both TV-RBDO methods. These results
show the validity of the approximation introduced in
the SOTVRA to express the objective function.
From the numerical point of view, the efficiency of
SOTVRA is observed, as it requires only 21s CPU
compared to 603s CPU for the classical TV-RBDO
approach; i.e the computation time is divided by a
factor of 28. In other words, the SOTVRA econo-
mises 96% of the computational effort. This reduc-
tion is extremely important in highly consuming
finite element analyses of large-scale structures. The
proposed approach requires less consumption time
because it is based on the deterministic optimization
procedure, already known to be numerically efficient
and robust.

Table 3. Comparison of the optimal costs of the RC girder and
numerical performances.

procedure does not consider these variables because
the calibration is performed at the initial time # = 0.
Furthermore, these random variables are not affected
by the safety factors.
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Figure 6. Random process trajectories.

Table 5. Optimal safety factors of SOTVRA

My, S 1y Ah Ab  Ads Ac

TV-RBDO  SOTVRA ye 191 119 123 238 035 162 -0.004
Expected total cost Cr (k€) 3.69 3.70
Initial cost C; (k€) 3.67 3.68 When the failure consequences are more impor-
Expected failure cost Cr (€) 16.57 16.82 tant, the admissible failure probability becomes
CPU (s) 603 21

Table 4 indicates the optimal design obtained by
both TV-RBDO approaches. The two design solu-
tions are different. The classical TV-RBDO tends to
reduce the concrete cross-section and increases the
steel area. However, the SOTVRA gives other solu-
tion, where the steel area is reduced and the concrete
cross-section is increased. The two solutions lead
approximately towards the same expected total cost.
Figure 7 shows that for both optimal solutions the
reliability requirement is satisfied, where the reli-
ability index is always higher than the target index
of 3.8 for all the structural lifetime of 50 years.

Table 4. Comparison of the optimal design of the RC girder.

Optimal design var. TV-RBDO SOTVRA
h (cm) 66.1 68.4

b (cm) 49.5 513
A, (cm?) 91.4 85.7

c (cm) 3 3

Table 5 gives the optimal safety factors at the op-
timal solution. Figure 8 shows that the profile of the
target index B “(¢) is deduced on the basis of the
structural reliability index /(f). The target index at
the initial time ﬁmFo is improved at each sub-
problem of SOTVRA, and after fourth cycles the re-
liability index A(f) met the target index £ “(f) as
shown in Figure 8. The optimal safety factors are
calibrated on the basis of 5" = 4.4.

It is important to notify that the random variables
Ci, Cs, Dey, icorr and « play an important role in the
time-variant reliability analysis only. The calibration

lower. The RC girder is desi%ned when the annual
failure cost is taken as Cy= 10" x C; instead of 100 x
C; . Thus, the admissible failure probability is fixed
to Py = 10~ corresponding to the target reliability

“r = 4.27. The optimal design obtained by SOT-
VRA for this situation is given in Table 6.

The new design of the RC girder is increased only
from 4.3% with respect to the case when Cr= 100 x
C; . The optimal safety factors for the situation of Cr
= 10" x C;are presented in Table 7. These safety fac-
tors are calibrated from the target index at the initial
time 8“9 =4.9.
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Figure 7. Time-variant reliability index for both optimal de-

signs.

Table 6. Optimal design of the RC girder for C=10" x C,.

Cr C, Cr h b A(emd) c
(k€)  (k€) (€) (cm) _ (cm) (cm)
408 383 24834 702 527  89.92 3




Table 7. Optimal safety factors of SOTVRA for C=10* x C,.
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Figure 8. Time-variant reliability index and target index pro-
files at the first four sub-problems of SOTVRA.

6 CONCLUSION

This paper proposes a decoupled approach for TV-
RBDO called SOTVRA. The proposed approach
consists in transforming the TV-RBDO problem into
a sequence of deterministic design optimization sub-
problems based on the safety factor concept. The ob-
jective function of the TV-RBDO problem is ap-
proximated at the current design point by first-order
Taylor series expansion and the reliability con-
straints are fulfilled by optimally calibrated safety
factors. The deterministic optimization is then car-
ried out by using the approximated objective func-
tion and reliability constraints including the safety
factors. Thus, the proposed method does not involve
any additional function evaluations. The time-
variant reliability analysis and the optimization pro-
cedures are performed sequentially until conver-
gence.

The accuracy and the efficiency of the proposed
method are shown for RC girder affected by steel
corrosion induced by chloride ingress. The results
indicate that SOTVRA is very attractive for the fol-
lowing reasons: (1) its simple implementation in any
general purpose optimization and finite element
software; (2) the use of the safety factor concept is
familiar for designers; and (3) the less consumption
time allows to apply SOTVRA to large-scale struc-
tures. The robustness and the efficiency of SOTVRA
lie in the fact that the time-variant reliability analysis
is decoupled from the optimization process. Finally,
the proposed method can be easily applied to any
kind of structural durability design optimization
without any loss of generality.
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