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Abstract

As the traffic demands grow constantly, and some vehicle bridges deteriorate due to corrosion,
bridge agencies require non expensive procedures to support decisions on cost-effective maintenance
schedules. In this paper a reliability-based formulation is proposed for the prediction of the next inspec-
tion time including the corrosion deterioration and the epistemic uncertainty on the corrosion initiation
time. For the identification of the bridge integrity state, where little or no follow up has been previously
made, the prediction contains a great deal of epistemic uncertainty. The impact of this uncertainty on the
bridge failure probability is appraised. The bridge reliability is calculated by comparing the bridge maxi-
mum moment with the bridge capacity which depends on the corrosion on the bridge beams. The bridge
failure probability is compared with the acceptable failure probability which is used as the safety thresh-
old and it is calculated from the minimization of the annual expected life-cycle cost. Finally, epistemic un-
certainty is introduced in the corrosion initiation time and the optimal next inspection time is obtained.

Keywords: bridge reliability, optimal inspection, corrosion deterioration, expected life-cycle cost.

Proximo tiempo de inspeccion en puentes de concreto
presforzado basado en confiabilidad incluyendo
el efecto de deterioro por corrosion

Resumen

Amedida que las demandas de trafico crecen constantemente, y que algunos puentes vehiculares se
deterioran debido a la corrosion, las agencias de puentes requieren de procedimientos no tan caros para
respaldar decisiones sobre programas de mantenimiento costo-efectivos. En este articulo se propone una
formulacion basada en confiabilidad para la prediccion del proximo tiempo de inspeccién incluyendo el
deterioro por corrosion y la incertidumbre epistémica en el tiempo de inicio de la corrosion. Para la identi-
ficacion del estado de integridad del puente, en donde se ha dado poco o ninguiin seguimiento, la prediccion
lleva una gran cantidad de incertidumbre epistémica. Se evalua el impacto de esta incertidumbre en la
probabilidad de falla del puente. La confiabilidad del puente se calcula comparando el momento maximo
en el puente con su capacidad, el cual depende de la corrosion en las vigas del mismo. La probabilidad de
falla del puente se compara con su valor aceptable, que se usa como umbral de seguridad y que se calcula
de la minimizacion del costo total esperado en el ciclo de vida. Finalmente, la incertidumbre epistémica se
introduce en el tiempo de inicio de la corrosiéon y se obtiene el proximo tiempo de inspeccion.

Palabras clave: confiabilidad del puente, inspecciéon 6ptima, deterioro por corrosion, costo espera-
do en el ciclo de vida.
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Introduction

Limit state functions for engineering struc-
tures are usually formulated in terms of two op-
posite concepts: cost and safety. Bridges are no
exception and its structural safety depends on
uncertain conditions of loading and deteriora-
tion. When the bridges have a significant operat-
ing time and when the traffic loads are being con-
tinuously increased, these uncertainties intro-
duce significant concerns on the bridge safety
conditions.

Bridge agencies and operators require,
therefore, reliable procedures to schedule main-
tenance actions for a cost-effective national or re-
gional protection program.

In order to consider these uncertainties
within a probabilistic framework, the annual
structural reliability is taken as the proper safety
measure and the target reliability is used as the
target or allowable value.

Several studies have been previously per-
formed to formulate bridge optimal inspection
schedules by Frangopol and other authors [1 to
3]. However, the epistemic uncertainty on the
bridge damage state has not yet been separated.
One of the advantages of treating it separately
from the aleatory one is that, by doing so, it is
possible to objectively propose bounds for the
economical convenience to reduce it by improv-
ing the collection of information (quality and
quantity). Another one is that conservative deci-
sions may be formulated for risk-aversive owners
or managers as they may prefer to handle percen-
tile values, say 90 or 95, of the reliability index in-
stead of just its mean value.

Optimal inspection times may be proposed
by comparing the bridge actual reliability with its
acceptable value in terms of the failure probabil-
ity.

The acceptable failure probability is calcu-
lated for bridges in terms of the cost of failure
consequences for a minimum expected life-cycle
cost.

Similarly to what is being done to assess the
fatigue life of tubular joints in offshore marine
platforms [4], a time variation of the bridge reli-
ability index is obtained through the calculation

of the bridge reliability under varied scenarios of
corrosion attack.

In this paper, a reliability formulation
based on the calculation of maximum acting and
cracking moment capacity in the reinforced con-
crete beams that constitute bridge structural
system is proposed. The cracking moment is due
to the evolution of the bridge corrosion over time
[5-7]. And the estimations of the cracking mo-
ment capacity are obtained from annual varia-
tions on the beams corrosion evolution on 15
consecutive years.

Corrosion is a major damaging factor for re-
inforced or pre-stressed concrete bridges as
studied by several researchers [8 to 12]. One of
the model parameters with most of the epistemic
uncertainty is the initiation corrosion time. In
this paper, epistemic uncertainty is considered
for the bridge performance and its impact on the
evolution of bridge reliability is estimated.

Acceptable failure probability

According to previous studies [13-14], the
expected life-cycle cost, E[C;], includes the struc-
ture initial cost, C;, and the expected cost of the
consequences to exceed the limit state within the
nominal structure operating life, E[Cg]:

E[C,] = C; + E[CF] (1)
where:
C, =C, —CyIn(Py) 2)

C; and C, are constants which depend on
the structural type and Py is the probability to ex-
ceed the limit state. However, the conventional
cost-benefit model considers a no bridge replace-
ment within the bridge lifetime, in case of the
bridge damage. The conventional formulation is
modified to distinguish the temporary economic
loss from the permanent economic loss of the
case without replacement. The clarification of the
replacement consideration is important because
the benefits, from the bridge economic operation,
are not lost in the event of bridge failure, but just
deferred after its replacement. Therefore, the
only loss, from the revenues viewpoint, is the one
from the deferral and money value which
changes with time. Actually, for typical values of
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Py about 0.003, the assumption of single replace-
ment is adequate for practical purposes [15].

If the failure consequences are: the cost of
bridge substitution and contents Cpg, the losses
related to human lives Cp, the user costs Cyand
the loss of income due to deferral of the revenues
R after the bridge replacement:

E[Cp] = PVF[Cp + Cpy + CylP; + R+ PVF's P, (3)

where Cpg, Cy and Cy; are calculated from stan-
dard procedures, PVF is the present worth factor
required to update future costs to present value:

PVF =[1-e]/r @)
PVF =[PVF —Txe Tk[1-e ™ ]/r )

where R is the annual revenues, ris the net an-
nual discount rate, T the bridge nominal operat-
ing life and AT the bridge reconstruction time.

From the minimization of the expected
life-cycle cost,

9EIC,1/ 0P, =0, ©)

the acceptable annual bridge failure probability
is obtained through:

P; =Cy /[(Cp+ Cy + Cy)« PVF + R« PVF]  (7)

The curve, for several costs of conse-
quences, is shown in Figure 1.

On the other hand, the calculation of the
probability to exceed the critical limit state in the

particular bridge considered here is performed in
the next section in terms of the corrosion evolu-
tion and beam cracking moment capacity.

Cracking moment capacity
without epistemic uncertainty

According to Tuutti [12], the structure life-
time (Tyy) is given by the corrosion initiation time
(Ty) plus the propagation time (T5):

T, =T1+T, (8)

The T, value is fixed by the requirements
or necessities of each infrastructure facility (a
common target service life for vehicular bridges is
about 50 years [16]); therefore, this value is
known and T; can be calculated as follows:

T, =T,

vu

T, ©)

From Torres and Martinez [17]:

X

T, = KL (10)
lCORR

where:

Xcrir:  corrosion size needed to crack the con-
crete cover, in mm, calculated from [11]

1.95
Xegr = 001 {;)(E + 1) (11)

where

C : concrete cover, in mm.

COST OF CONSEQUENSES Cr (MILL. USD)

L ] ]
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]
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Figure 1. Acceptable annual failure probability for several consequences costs.
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¢ : steel rebars diameter, in mm.
L :length of corroded bar, in mm.

icorr: average corrosion rate, in mm/year, based
on RILEM (7]

icorr = Crkoly (12)

where,
ip : corrosion velocity estimated for 20°C, in
u/year.

Io: coefficient that considers the concrete wa-
ter/cement ratio (a/d).

Cr: coefficient that considers the temperature
effect.

From [17], a parabolic function is approxi-
mated to the erfto determine the maximum effec-
tive coefficient of chloride diffusion (Dgpnad, in
cm? /s:

(13)

b1 c
Bl = 12Tl I_N/Ccrit / Cs

where,
T; : corrosion initiation time expressed inyears
C. : critical chloride concentration at the depth

of prestressed steel as a percent of the ce-
ment weight.

C, : chloride concentration at the surface, as a
percent of the cement weight.

And the effective coefficient of chlorine dif-
fusion is:

Do - 068(a / c)*™
EF — (Cf)ZS(t)O4(1+ fa)ZG

(14)

where,

Dgr : effective coefficient of chlorine diffusion, in
cm?/s

a/c : water/cement ratio.

C; : cementing material, in kg/m?

Ja :amount of fly ash, in the case of puzolanic
cement, as a percent of the cement weight

t : service time of the structure, in years.

Once the value of T} was estimated from eq.
(9), the variation of the annual reliability index (B)

was calculated after corrosion beginning, taking
into consideration the lost of pre-stressed steel
cross section area due to pitting corrosion as de-
scribed below.

The steel reduction area due to the bridge
corrosion has been previously proposed [18]:

pD; V2
4o —A; —A,, io;T] < ?DO
2

A (T) =1A, — A,, =5 Do < plT) = D,(15)

0, p(T) > D,
where:

1|, (Do)’ D, p(T)?
A = 2[91( : ) a[ - (16)
1 p(T)?
A, == T)? 17
2 2[9 (T) Dy (17)
2
T
« =2p(T) 1—(p( )) (18)
D,
0, = 2arcsen (Dao) (19)
6, = 2arcsen (20)
2 (2p(T))

p(T) =00116(T — T})icorrPmax / Pav (21)
where:
A{T) : net cross section area of a steel bar co-

rroded at T>Tji, in cm? (see Fig. 2)
D, : initial diameter of steel bar, in cm

Pax/ Py maximum versus average penetration
ratio.

For the reduction of tension steel due to the
prestressing of the strands at time T'> Ty, an em-
pirical model was used to determine the behavior
of tension stress as a function of time as pro-
posed by Carrion et al. [9]:

o(T) =0,(1-bT)" (22)
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where,
o : tension stress in a given time, en kg/cm?®
oo : 14 250 kg/ cm? initial tension stress.

T : time in which reducing of ¢ is measured af-
ter the onset of corrosion in years.

b : 0.01538

m : 0.41 constants of material influenced by
environmental conditions (for a corrosive
solution of NacCl).

According to standard procedures [5-7], the
cracking moment capacity is calculated and the
statistical properties of random variables are
shown in Table 1.

Finally, the bridge is modeled as a single
component, being the beam under corrosion the
main element, the limit state is described by the
event where the beam cracking moment capacity
Mcris exceeded by the maximum acting moment
Mo note that the cracking moment Mg is
ruled by the pre-stress force, that is directly pro-
portional to the steel surface (5-7]%;

Mcg = My + M, (23)

where M, = M, + Mg.,: My, is the moment due
to the girder selfweight and M, is the moment
due to the road concrete slab.

P/)(e) P,

M,
M, = zwlfC—Si'l-l-T-f-iS
is

- (24)
s A w

where f¢, is the compressive strength of con-

the girder cross section and Py is the total
pre-stressed force that depends of the
pre-stressed steel transversal section area as
pointed out in reference [6].

The Mg is also associated with the pres-
ence of fissures and the reduction of the bending
capacity; therefore, the bridge annual failure
probability is expressed as:

P; = P(M, = Mcg) (25)

max —

where;

Mo maximum acting moment, calculated for a
simple supported beam by the influence li-
nes method for beams [19], using a vehicle
T3-S2-R4 as a design live load [19] (see Ta-
ble 1).

Mcgr: beam cracking moment, calculated by
standard procedures (eq. 23) in accordance
with recommendations of ACI [5], ANIPPAC
[6] and RILEM [7].

Epistemic uncertainty
on corrosion initiation time
for bridge damage condition

Corrosion initiation time (T;) is a very diffi-
cult to predict variable and its relevance for the
bridge capacity is crucial. One way to deal with
this modeling uncertainty is introducing a cor-
rection factor, to account for epistemic uncer-
tainty, on the available expressions to predict
this time. In this paper, and in a simplified way, a
random factor is introduced to modify the corro-

crete, S, S;.. A, and e are geometric properties of
Table 1
Mean () and coefficient of variation (Vp) of random variables assuming normal distribution
Random Variable u Vb

Concrete resistance fc (kg/cm?) 350 0.180
Prestressed steel area Ap (cm?) 67.32 0.016
Live load from design vehicle T3-S2-R4[20] FR (tn) 71.15 0.319

1 Since the estimation of M~implies a lot of calculations where the target value is related with very specific geome-

trical properties of girder cross section, area of pre-stressed steel, etc., the authors of this research work encou-
rage the readers to review references 5-7 for a better understanding of the calculation of M.
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Figure 2. Pit corrosion configuration [16].

sion initiation time T;. This factor is assumed to
be lognormal with median 1 and proposed coeffi-
cient of variation CV¢ 1,

T, = LN(1, CV)= Ty (26)

A series of 10,000 corrosion initiation times
TP is generated by using CV°p; =0.3, and a se-
ries of annual failure probabilities and annual re-
liability indices are calculated for each year after
corrosion initiation. Numerical distributions for
Mo and M, were built for every year after the
corrosion initiation time, and its failure probabil-
ity is calculated. A Monte Carlo simulation pro-
cess is used for that purpose.

Application to La Joya bridge
in Mexico

La Joya bridge is pre-stressed concrete ve-
hicular bridge located in Mexico State, close to
Mexico City. Its main span is 30 m and the struc-
tural type consists on box-shaped prestressed
concrete girders (Figure 3) supported by rein-
forced concrete piers that rest on reinforced con-
crete piles. The bridge reconstruction time is AT =
2 years.

If the consequences cost is 7.7 US million
Dollar, C3 = 0.7 US million Dollar, for the specific
bridge type considered, r = 0.08, for Mexico and
T =50 years, the acceptable annual failure prob-
ability is 0.0027 and its corresponding annual
reliability index is 2.78. By applying the above

181

Dimensions in cm

Figure 3. Cross section of bridge girder.

described procedure, the results are shown in
Figures 4 and 5.

Discussion

After calculating T;°P, the variation of the
pre-stressed cross section area and the value of
the reliability index were calculated annually for
15 years, each line showed in Figures 4 and 5
represents a realization conducted (for simplicity
only 200 experiments are showed in each Figure).
The construction of both Figures, involves the ef-
fect of the corrosion process; when time after ini-
tiation is nearest to T, the pre-stressed cross
section area is nearer to its original value; there-
fore, the largest the time after T;, the lowest the
cross section area and the reliability index.

The bridge failure probability evolves as the
corrosion develops in the girder and, as the
bridge is under heavy and frequent vehicles load-
ing, the tension stresses trend to accelerate the
cracking process in the girder. The evolution of
the bridge reliability index, as observed in
Figure 4, may be used to establish a time to visu-
ally inspect, at least, the bridge condition. The
acceptable value of the annual reliability of 2.78
is reached by the bridge reliability at the time
range between 5.5 and 10.5 years, after corrosion
initiation, from Figure 5, for the coefficient of
variation of corrosion initiation time, of 0.3. Be-
ing conservative, one may select to inspect the
bridge at the time of 5.5 years. However, other op-
tion may be to select the time corresponding to
the percentiles 5 or 10, which would lead to the
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Figure 4. Annual failure probability
for epistemic uncertainty = 0.3.

o
3

Reliability index, (?)
'Z; N z w

o
o

0

_0_5HH\HH\HH\HH\HH\HH\H‘
T 2 4 6 8 10 12 14

Time in years

Figure 5. Annual reliability index for epistemic
uncertainty = 0.3.

inspection time of 6 or 8 years, respectively, de-
pending on the manager conservative degree or
the bridge importance in the national road net-
work.

Cost/benefit studies may be used to weight
the cost of narrowing this range against the bene-
fit of making more precise predictions of the
bridge inspection time.

The bridge importance will move the ac-
ceptable reliability index to higher or lower
thresholds. Also, the corrosiveness of the loca-
tion environment, and stresses demand on the
bridge, may produce that the girder deteriorates

faster and the recommended time to inspect and
potentially maintain the bridge may be shorter.

Improvements and upgrading works to the
bridge are not considered here.

The bridge age may play an important role
as the corrosion may be initiated faster than for
other newer bridges. Further studies, with other
spans, ages, and importance level, may help to
produce guidelines for bridge maintenance,
where corrosion is the major damaging factor, in
Mexico.

Conclusions

A procedure to calculate the optimal time
for next inspection on bridges has been proposed
based on yearly bridge corrosion which reduces
its bending capacity.

The optimal schedule considers the accept-
able bridge reliability which is calculated as a
function of the failure losses, which are a mea-
sure of the bridge importance.

The procedure accounts for epistemic un-
certainty on the corrosion initiation time and this
produces a range of potential times to inspect,
which allows for conservative decisions by pick-
ing the minimum time.

For the example shown here, the next in-
spection time should be 5.5 years after the corro-
sion initiation time, in a conservative scheme.
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