











(@)

P,
fig P:,'rz»

Tl T2

(b) Pl

P L/l/
S R S R

00
| e

T 71 T3

B1

B2

B3

B4
BS

B6

B7

| { { | {
To Ts T, T, T

FIG. 4. Event Tree Analysis: (a) Before Second Inspection; (b)
Before Third Inspection; (c) At Lifetime

performed, there are two possible events depending on
the result of inspection. In Fig. 4(a), the event b; indi-
cates that the structure is repaired and event b? indicates
no repair. P(bi) and P(b?}) are, respectively, the probabil-
ities that events b} and b} occur at time z = T,,. Accord-
ing to the repair policy adopted by Lin (1995), the prob-
ability of event b is

P(b)) = @ (1‘——;—") 22)

The repair effort e, associated with the event b} can
bze estimated from (18). Clearly, the probability of event
b‘ is

P =1 — P(b}) (23)

The repair effort e, , , associated with the event b? is nil
since no repair effort is required.

Prior to the second inspection at time t =T, — €, =
T,_ [see Fig. 4(a)], the probability of failure is calculated
for both branches. Given b}, the failure probability is

P}y = Plgu(T-) = 0) (24)

where g},(t) defines failure given repair at time 7). The
damage intensity is mz,_. The superscripts 1 and 0 indi-
cate whether a repair has or has not been performed after
an earlier inspection, respectively. In the same manner,
given b} [Fig. 4(a)), the structure was not repaired at T,
so that the probability of failure is

Plr,_= Plgwu(T:-) = 0] (25)

and the damage intensity is m7,_. Fig. 4(a) clearly shows
that P;r_ < Pjr, .

. After the second inspection given the occurrence of event

b}, there are two possibilities represented by the comple-
mentary events, by and b} [see Fig. 4(b)] that indicate
repair and no repair, respectively. The probabilities of
these events are

1 _
PG =1- P(bY) = ® <“—01'2) 26)

The associated repair effects are e, and eq, 27 = 0.

In the same manner, there are also two complementary
events, by and b3, that follow the occurrence of event
b?. The probabilities that events b} and b3 occur are

0 _
P =1— Py =@ (——————“"‘ = """) @7

The repair effects associated with the events b3 and b3
are €., and €04 = 0, respectively. The four proba-
bilities of failure before the third inspection at ¢z = T5_
[see Fig. 4(b)] associated with damage intensities myz._,
"r,_, M7,_, and M7,_ are

Pl = Plgu(Ts) < 0] (28a)
P, = P[gi(T;-) < 0] (28b)
Py, = Plgn(T3-) = 0] (28¢)
P}, = P[gi(T5-) < 0] (284)

. There are eight possible events after the third inspection

at t = Ts, namely b}, b3, ..., b3 [see Fig. 4(c)]. The
probabilities of these events are

PGY=1- P = (“—7:—'—‘2) (29a)



0 _
PO =1 — PG = (3’——0-3‘2) (29b)
PO =1 — PR = (3’——5—1"—’> (29¢)

o _
PBD =1 — P} = @ (DT—E—E> (29d)

with repair effects €qp.3.1s €rep3.21 + + + » €rep.3.8» TESPECtively.
Each branch in the event tree represents a specific se-
quence of events b{. Assuming that these events are mu-
tually statistically independent, then the probabilities of
occurrence of paths By, B,, ..., Bg, respectively, are

P(B\) = P(b3)P(b:)P(b))
P(By) = P(b3)P(b)P(b))

P(By) = P(b)P(b)P(bY) €D

. The probabilities of failure at the end of lifetime ¢t = T
associated with the eight paths shown in Fig. 4(c) are as
follows:

Pii = Plgu'(T) = 0]
Pi7 = Plgy(T) < 0]

PP = P[g(T) = 0] @31)

For each branch, there are four probabilities of failure as
follows: before first inspection, before second inspection,
before third inspection, and at the end of lifetime. The
lifetime probabilities of failure for branches 1-8 are de-
fined as

Pyyse,s = max(Pyp, , Pfl,Tz, Pfr, P}IT‘)
Prus2 = max(Pyy, , Pfl.r2 P STy Pfl,lTo)
P],llfe.s = maX(Pf,r,_, P,?,T, PfT,_ 000 32)
Finally, the lifetime probability of failure of the structure
is
8
Pf.life = 2 Pf.llfe,iP(Bl) (33)
=l
. If the failure cost is C;, then the expected failure cost is
Cr= C/P flife (34)

The costs of repair associated with branches 1-8 are [see
Eqgs. (3) and (19)]
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Then the expected total repair cost Cggp is

m

Crer = D, CrpiP(B) (36)

i=1

where P(B), i=1, ..., 8, are defined in (30).

Expected Total Cost

During the life of the structure (e.g., 75 years), preventive
maintenance occurs 37 times (every two years). The expected
cost of preventive maintenance Cpy is defined in (3). For a
strategy involving m lifetime inspections, the total expected
inspection cost is

Cus = 2 Cne (TT;)? @7

where C,,, = inspection cost based on the inspection method
used [see Eq. (12)]; and r = net discount rate.

Finally, the expected total cost Cxr is the sum of its com-
ponents including the initial cost of the structure Cr [see Lin
and Frangopol (1996)], the expected cost of routine mainte-
nance Cpy, [see Eq. (3)], the expected cost of inspection and
repair maintenance, which includes the cost of performing the
inspection Cyys [see Eq. (37)] and the cost of repair Cggp [see
Eq. (36)], and the expected cost of failure Cr [see Eq. (34)].
Accordingly, C.r can be expressed as

Cer=Cr+ Cpy + Cns + Cper + Cr (38)

The objective remains to develop a strategy that minimizes
Cer while keeping the lifetime reliability of the structure above
a minimum allowable value.

OPTIMUM STRATEGY

To implement an optimum lifetime strategy, the following
problem must be solved:

minimize Cyrr subject to Py, =< Py (39)

where Pf. = maximum acceptable lifetime failure probability
(also called lifetime target failure probability). Alternatively,
considering the reliability index

B=27'(1 - P) (40)

where @ is the standard normal distribution function, the op-
timum lifetime strategy is defined as the solution of the fol-
lowing mathematical problem

minimize C,> subject to By, = B, 1)

where B and B, are the lifetime reliability index and the
lifetime target reliability index, respectively.

Studies by Thoft-Christensen and Sgrensen (1987) and Mori
and Ellingwood (1994b) proposed solutions to formulations
(39) and (41) for metallic structures subjected to fatigue and
for simple reinforced concrete beams under flexure, respec-
tively. However, several aspects, such as the effects of inspec-
tion methods and intervals, degradation rates, and costs of fail-
ure, were not fully covered in these studies. These aspects
should be considered in designing a robust and reliable opti-
mum lifetime strategy.

In this study, the best lifetime strategy is found by solving
the optimization problem (39). The solution takes into account
the quality of various inspection techniques, all repair possi-
bilities based on an event tree, the effects of aging and cor-
rosion deterioration, the damage intensity, the effects of repair
on structural reliability, and the time value of money. The cost
analysis includes all components of the overall life-cycle cost
according to (38).

As previously indicated, the number of branches in the



event tree is 2", where m is the number of inspections. The
probabilities of failure of the structure before each inspection
i (Ps1, ) [see Egs. (21), (24), (25), and (28)] and at the end of
lifetime (P;r) [see Eq. (31)] are calculated using the Monte
Carlo simulation software MCREL (Lin 1995). Automated De-
sign Synthesis (ADS) by Vanderplaats (1986) is a general pur-
pose optimization software capable of solving linear, nonlin-
ear, constrained, and unconstrained optimization problems.
ADS was linked to MCREL for solving the reliability-based
optimization formulation (39). Both uniform and nonuniform
time interval inspection strategies are considered in the solu-
tion of the lifetime optimization problem. The sensitivity of
the expected total cost to changes in such factors as inspection
quality, corrosion rate, failure cost, and number of lifetime
inspections is examined.

UNIFORM INTERVAL INSPECTION STRATEGY

Initially, the inspection strategy is restricted to uniform time
intervals. Assuming a lifetime of 75 years, 10 inspection strat-
egies are considered in the analysis. The number of inspections
m during the service of a structure is considered to be given.
The optimization problem is solved for all values of m. The
value of m that produces the smallest expected total cost Cyr
is designated as m,,. This indicates the optimum number of
inspections to minimize the life-cycle cost of the structure.
A prefabricated reinforced concrete T-girder bridge (Fig. 5) is
considered for the inspection/repair maintenance analysis. Two
lanes of HS-20 trucks provide the loading. Girder spacing S
is 2.44 m, total width of the bridge is 7.32 m, and the span L
is 18.30 m.

The interior girder in Fig. 5 was designed in Lin and Fran-
gopol (1996). The design shown in Fig. 6 was based on reli-
ability and optimization according to the constraints specified
by the American Association of State Highway and Transpor-
tation Officials (AASHTO) (Standard 1992).

This design is characterized by a mean bending capacity of
282.51 kNm and a reliability index B = 3.76 (P, = 0.000085)
and produces the minimum initial cost Cr = 692.7. The initial
cost is associated with a steel to concrete cost ratio C,/C, =
50 and a unit cost of concrete C, = 1. For illustrative purposes,
let us assume that: (a) during its projected service life cycle
of 75 years, the bridge is placed in an aggressive environment
characterized by a uniform corrosion rate of v = 0.0089 cm/
year; (b) the net discount rate is r = 0.02; (c) the cost of failure
C; = 50,000C,; (d) the cost of preventive maintenance during
the first year is C,,, = 0.001Cy; (e) the corrosion initiation
time is three years; (f) the damage intensity at which the NDE
method has a 50% probability of detection is mgs = 0.1 with
the coefficient of variation of 0.1 (i.e., inspection method B);
and (g) the lifetime target reliability index is B = 2.0 (Pl
= 0.02275).

Fig. 7(a) shows the results of the cost analysis for different
numbers of inspections. The optimum inspection/repair strat-
egy for this beam is identified by the minimum expected total
cost, Cpr. Note that as the number of inspections m increases,
the cost of repair Cggp increases, whereas the expected cost of
failure Cr decreases. Accordingly, there is a trade-off point at
which the expected total cost has a minimum. Fig. 7(a) indi-
cates that the optimum number of lifetime inspections is six,
where the expected total cost is a minimum. For six inspec-
tions, the branch in the event tree with the highest probability
of occurrence is shown in Fig. 7(b). The optimum inspection/
repair strategy (m = 6, n = 4, where n = number of repairs) in
Fig. 7(b) is associated with no repair after the first two in-
spections and repair after each of the remaining four inspec-
tions.

To demonstrate the effect of corrosion rate, two other cor-

FIG. 5. Reinforced Concrete T-Girder Bridge: (a) Elevation, L
= 18.3 m; (b) Cross Section, S =2.44m
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rosion rates (v = 0.0064 and 0.0114 cm/year) are considered.
The three corrosion rates used in this study indicate a mean
of 0.0089 cm/year and a standard deviation of 0.0025 cm/year.
Figs. 8(a) and 9(a) show the projected costs as a function of
the number of inspections for v = 0.0064 and 0.0114 cm/year,
respectively. The optimum inspection/repair strategies associ-
ated with the corrosion rates v = 0.0064 and 0.0144 cm/year
are shown in Figs. 8(b) and 9(b), respectively. As expected,
the optimum total cost and the number of optimum lifetime
inspections both increase as the rate of corrosion increases.
For corrosion rates of v = 0.0064, 0.0089, and 0.0114 cm/
year, the optimum number of lifetime inspections m is four,
six, and seven, respectively, and the minimum total expected
costs are 1,473.2, 1,682.5, and 1,890.6, respectively. As the
corrosion rate increases, the optimum number of repairs »n is
also increasing.

The quality of the inspection technique has an effect on the
optimum inspection/repair strategy. This effect is illustrated
using three different inspection methods A, B, and C, whose



(a) sw0
v=0.0089 cm/year
T,5=0.10
“wrr (1) INITIAL COST 1
\ (2) PREVENTIVE COST
i (3) COST OF INSPECTION
a000 || (4) COST OF FAILURE
4 ! (5) COST OF REPAIR
§ \ (6) TOTAL COST
1
2000 |\ ]
“. 6) —k—p—H—F—%F
i i@
1000 - <
O
) et U
0 e s N bom e e e s e e e e =
1 2 3 4 5 6 7 8 9
NUMBER OF INSPECTIONS
4.0 ——f——— T T
(b)
3.0
o
E
E 20 q
=
<
= 7,5=0.10
E of  v=0.0089 cm/year
NO INSPECTION/REPAIR
OPTIMUM STRATEGY
0.0 —

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
TIME (YEARS)

FIG. 7. (a)Costs as Function of Number of Uniform Intervat In-
gpections; (b) Optimum Inspection/Repair Strategy for v =
0.0089 cm/Year, C, = 50,000C., and Inspection Method B (n,s =
0.10)

defect detectability parameters (nos; o) are (0.05; 0.005), (0.1;
0.01), and (0.15; 0.015), respectively. It is clear that inspection
method A has the highest quality and is the most expensive
(Cins = 23.78) and method C has the lowest quality and is the
least expensive (C,, = 5.27).

For the corrosion rate of v = 0.0089 cm/year, Figs. 10(a)
and 11(a) show the resulting costs associated with inspection
methods A and C, respectively. The costs associated with in-
spection method B were shown in Fig. 7(a). Figs. 10(b) and
11(b) show the optimum inspection/repair strategies associated
with inspection techniques A and C, respectively. As the qual-
ity of the inspection technique increased (even though the
technique itself was more expensive), the total cost and the
optimum number of lifetime inspections decreased. For in-
spection techniques A, B, and C, the optimum number of life-
time inspections is five, six, or eight, and the minimum total
expected costs are 1,673.3, 1,682.5, and 1,792.8, respectively.
The minimum expected total cost appears to be much more
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sensitive to the rate of corrosion than to the quality of the
inspection technique.

NONUNIFORM INTERVAL INSPECTION STRATEGY

While uniform inspection intervals are more convenient and
easier to manage, there is a potential for less cost and greater
efficiency by considering nonuniform time intervals. For non-
uniform inspection intervals, the lifetime optimization process
consists of finding the optimum number of inspections m and
the optimum times at which inspections/repairs are carried out

T, T, ..., T, such that
min Cgr = Cp + Cpy + Cs + Caep + Cr “@2)
subject to
m J

(43, 44)

EtisT’, T/=zti

i=1 i=l
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bin S 6= lne, i=1,2,...,m B@ =Bk 45, 46)
where T = life-cycle of the structure (e.g., T = 75 years); ¢, =
T, — T,_, = time interval between the inspections j — 1 and
Ji tmin and t,,. are minimum and maximum inspection time
intervals (e.g., tmin = 2 years and ¢,,, = T); B(¢) = reliability
index at time ¢; and B, = lifetime target reliability index (e.g.,
B = 2.00).

As in the case of uniform inspection intervals, the optimum
number of inspections m,, is found by solving the optimiza-
tion formulation for a number of different values of m. The
value that minimizes the total expected cost Cgr is m,,. Again,
MCREL (Lin 1995) and ADS (Vanderplaats 1986) are used to
optimize the nonuniform inspection time intervals.

For the same reinforced concrete T-girder used earlier (see
Fig. 6) and for the same parameters considered in the uniform
inspection interval example (i.e., projected life-cycle of 75
years, aggressive environment characterized by a uniform cor-
rosion rate of v = 0.0089 cm/year, cost of failure C; =
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50,000C., cost of preventive maintenance during the first year
Chain = 0.001Cy, corrosion initiation time of three years, Mo
= 0.1, o = 0.01, and B%. = 2.0), Table 1 and Fig. 12(a) show
the optimum inspection times (Table 1) and the expected total
lifetime costs for different numbers of lifetime inspections as-
sociated with nonuniform time intervals. The optimal in-
spection/repair strategy is shown in Fig. 12(b). It corre-
sponds to four inspections (m = 4) and four repairs (n = 4) at
35, 46.9, 58.5, and 67.9 years of service life and a minimum
expected total cost of 1,573.4. Note that the expected total cost
is rather insensitive to the number of lifetime inspections m
after the optimum number of inspections m,, has been
reached. Comparing Figs. 12 and 7, it is observed that the
optimum nonuniform inspection interval strategy produces a
cheaper solution (1,573.4 instead of 1,682.5) with fewer in-
spections (four instead of six) conducted later in the life of the
structure (at 35, 46.9, 58.5, and 67.9 years, instead of 10.7,
21.4, 32.1, 42.9, 53.6, and 64.3 years). It is also interesting to
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TABLE 1. Optimum Solution for Nonuniform Inspection Inter-
vals: v = 0.0089 cm/Year, C, = 50,000, and Inspection Method B
("‘o_; = 0.1 0)

Number of Optimum Inspection Times Total
inspections {years) cost
(m) Tl BT G| T] | T| | Tl (Ced
(1) @)@ ]@|BY]® @] 6@ [0))11)] (12)

1 a85| — | — | —|—1—}t =] =] — 1] — 123569

2 415(682{ —~ | — | — | — |~ — | — | — |1.681.2

3 374|516{648] — | — | — | — ]| — | — | — | 15815

4 35.0/469|585|1679| — | —{ —| — | — | — [1.5734

5 336|/44.0|544(63.1]699| — | — | — | — | — |1,5848

6 32.5|41.8|51.1|596|66.1{71.2] — | — | — | — |1,605.4

7 31.7140.4149.1157.3|63.6|685|722]| — | — | — | 1.625.6

8 31.3(39.5147.7|55.7161.9166.61702172.9] — | — |1,645.5

9 30.8138.1(45.4|52.7|59.1|64.1|68.1]71.1|73.2| — | 1.672.3

10 30.3]137.5{44.7|51.9]158.2]163.1]166.9169.7|71.9}73.5] 1,689.9
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TABLE 2. Effect of Corrosion Rate on Optimum Solutions

Optimum Number Minimum Expected
Corrosion of Inspections Total Cost
rate Uniform | Nonuniform | Uniform | Nonuniform
(cm/year) | intervals intervals intervals intervals
(1) 2) (3) (4) (5)
0.0064 4* 3® 1,473.2 1,395.5
0.0089 6° 4! 1,682.5 1,573.4
0.0114 7 5f 1,890.6 1,785.0

*At 15.0, 30.0, 45.0, and 60 years.

At 44.6, 58.2, and 68.2 years.

°At 10.7, 21.4, 32.1, 42.9, 53.6, and 64.3 years.

‘At 35.0, 46.9, 58.5, and 67.9 years.

"At 9.4, 18.8, 28.1, 37.5, 46.9, 56.3, and 65.6 years.
TAt 29.4, 40.1, 50.2, 59.6, and 68.2 years.
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note (Figs. 12 and 7) that the number of repairs (n = 4) is the
same for both optimum nonuniform and uniform interval strat-
egies but, again, conducted at later times (at 35, 46.9, 58.5,
and 67.9 years, instead of 32.1, 42.9, 53.6, and 64.3 years) in
the service life of the structure.

Table 2 compares the optimum number of inspections and
the minimum expected total cost for different corrosion rates
for both uniform and nonuniform time intervals. In all cases,
the nonuniform time intervals were optimized with fewer life-
time inspections and less total cost. Also, as the corrosion rate
increases, the first inspection appears sooner in the life of the
structure and the time intervals between successive inspections
are smaller.

Finally, to illustrate the effect of the cost of failure, let us
assume C, = 70,000C,; instead of 50,000C.. Fig. 13(a) shows
the expected total lifetime costs for different numbers of life-
time inspections at nonuniform time intervals. The optimum
inspection/repair strategy is shown in Fig. 13(b). The optimum

number of lifetime inspections is five, and the minimum ex-
pected total cost is 1,643.4. Under the same conditions when
C; = 50,000C., the optimum number of inspections was four
at a minimum expected total cost of 1,573.4 (Fig. 12). The
increased cost of failure causes both the optimum number of
lifetime inspections and the minimum expected total cost to
increase.

CONCLUSIONS

A conceptual framework for reliability-based life-cycle cost
design of deteriorating concrete structures has been presented.
Reinforced concrete T-girders subject to corrosion were used
to illustrate the approach. The optimization is based on mini-
mizing the expected total life-cycle cost that includes the ini-
tial cost and the costs of preventive maintenance, inspection,
repair, and failure. The analysis incorporates the quality of
inspection methods, all possible repair options, the effects of
aging, corrosion damage, and repair on structural reliability,
and the time value of money.

In the T-girder analysis, results were obtained for both uni-
form inspection time intervals (where only the number of in-
spections was optimized) and nonuniform inspection time in-
tervals (where both the number of inspections and the time
intervals themselves were optimized). The effects of varying
corrosion rates, different inspection techniques, and alternative
costs of failure on the optimum solution were all examined.
Regarding these effects, the following conclusions can be
made:

1. The optimal nonuniform time interval inspection/repair
strategy is more economic and requires fewer lifetime
inspections/repairs than that based on uniform time in-
terval inspections.

2. Numerical results indicate that the optimum number of
inspections and the optimum expected total cost both in-
crease as the corrosion rate increases. Also, as the quality
of the inspection method increases, the optimum number
of inspections decreases.

3. The cost of failure significantly affects the optimum in-
spection and repair strategy. A higher failure cost leads
to an optimum solution requiring more inspections and
repairs at a higher total cost.

4. The expected total cost Cpr was most sensitive to the cor-
rosion rate and the cost of failure. Also, Czr was relatively
insensitive to the quality of inspection and the number of
lifetime inspections above the optimum number.

The conceptual framework of the proposed reliability-based
approach for life-cycle cost design of degrading concrete struc-
tures could be easily modified to accommodate degrading
steel, masonry, or timber structures. The challenge in using the
proposed approach is quantifying the uncertainties in the input
variables. The rate of corrosion, quality of inspection method,
and cost of failure are often subjective and difficult to obtain,
but, as demonstrated, their values may have a great effect on
the final result. With reliable input data, the methodology de-
scribed here offers the real potential for integrating economic
and safety issues in structural design.

Concluding, it should be mentioned that this study serves
as an initial base on which to develop improved life-cycle cost
design models. These models have to address additional issues
such as serviceability limit states, use of spatially distributed
random fields for describing the corrosion process, use of
Bayesian theory for estimating the probability of damage de-
tection, use of improved time-variant bridge reliability models,
reliability updating in a Bayesian light, selection of repair pol-
icy, selection of target reliability level, and development of
user costs, among others.
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