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Abstract

A criterion for preventive maintenance scheduling (PMS) is proposed based on the history of previ-
ous damage occurrences, duration of repairs or maintenance, and the development of cost functions. The
PMS method describes the performance of the bridge for the deterioration/damage events and mainte-
nance actions during the bridge’s service life. The time to failure and repair time are modeled as random
variables. Sensitivity studies show that the maintenance cost by damage consequence, an indirect mea-
sure of the bridge importance, plays a significant role on the optimal maintenance period.

Key words: Bridge maintenance, life-cycle cost, time to damage, repair time, optimal maintenance
schedule.

Mantenimiento preventivo de puentes basado
en evaluacion en el ciclo de vida

Resumen

Se propone un criterio para programacién de mantenimiento preventivo de puentes (PMS) basado en
la historia previa de danos y reparaciones o duracion del mantenimiento, y en el desarrollo de funciones
de costo en el ciclo de vida. El método PMS describe el desempeno del Puente a medida que ocurren los
eventos de dano/deterioro asi como sus respectivas acciones de mantenimiento durante ia vida de servi-
cio u operacion del puente. El tiempo a la falla y el de reparacion se modelan como variables aleatorias.
Estudios de sensitividad demuestran que ios costos por consecuencias del dano, una medida indirecta de
la importancia del puente, juegan un papel significativo en el periodo 6ptimo de mantenimiento.

Palabras clave: Mantenimiento de puentes, costo en el ciclo de vida, tiempo al dano. tiempo de
reparacion, programa ce mantenimiento optimo.

1. Introduction

Design and maintenance of bridges require
the explicit and systematic consideration of the
life-cycle balance between costs and safety. To be
effective, maintenance scheduling ought to be
based on the quantitative assessment of the like-
lihood and consequences of events that may
cause fatalities, injuries, bridge damage, eco-
nomic activities disruption, jamimed traffic costs,

and other loss causing events [1]. Bridge manag-
ers in charge of maintenance and operation re-
quire priorization indexes to justify the funding of
conservation actions. It is well known that in-
creasing traffic loads accelerates bridge deterio-
ration. It is necessary to be careful with an evalu-
ation of the bridge [2]. The referred assessment
may be used (o assist operators and managers of
these facilities in their tasks of making decisions
on money allocation Lo anticipate the undesirable
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events occurrence, and mitigate the conse-
quences of those according to the specific risks
and available resources for bridge repairs under
their management.

RAM (Reliability, Availability and Maintain-
ability) technigues have been successfully ap-
plied on industrial and mechanical engineering
[3, 4] to assess engineering systems perfor-
mance. In addition to that, life-cycle evaluation
has given bases for decisioilt making on bridge en-
gineering [5- 7]. These techniques are migrating,
and adapted with the proper modifications, into
proposing optimal maintenance schedules for
specific bridge types. These concepts have
probed their efficiency to assess operational
safety and to set preventive maintenance sched-
ules for industrial plants [8, 1]. On the other
hand, life-cycle analysis has been used to predict
bridge safety conditions and remaining life [9,
10].

Based on those advances, a criterion for
preventive maintenance scheduling is proposed
in this paper, which resorts on the history of
damages and maintenance/repair events, de-
scribing the bridge performance as the deterio-
rating/damaging events and maintenance ac-
tions occurred during the bridge’s life. The basis
of the formulation is the consideration of two ran-
dom variables: the waiting time to damage (time
to detect a damage), and the duration of the
maintenance (works required to restore the
bridge capacity). It is assumed that the bridge
failure is prevented by using this scheme. The
probability of bridge deterioration/damage in-
creases as a result of intense traftic and inade-
quate (or insufficient) maintenance, which re-
sults in a series of consequences (specially the
economical losses due Lo service interruption) in-
cluded in the calculation of the expected cost of
deteriorating/damaging events derived, for ex-
ample, from the bridge exposure to heavy traffic
conditions. The procedure may be adapted to
represent other types of hazards, i.e. seismic haz-
ard.

Monte Carlo simulation is used as a means
to estimate the expected life-cycle cost associated
with a given maintenance schedule [11]. Based
on such simulations, simplified cost functions
are developed, then alternative schedules are
compared, and finally the optimal alternative,

corresponding to the minimum expected life-cy-
cle cost, is chosen.

Analytical expressions are proposed for the
expected cost functions. As these events occur at
random periods in the future within the bridge’s
service life, their respective costs need to be ex-
pressed in present value including the country's
exchange rate where the bridge is located. The
damage cost (Cy) consequences, mainly the oper-
ation component interruption cost in heavy traf-
fic bridges, have a crucial impact on the optimal
maintenance schedule. If the maintenance pe-
riod (this investigation assumed constant At to
simplify the illustration) is short enough, the
whole maintenance cost (C,) during the bridge's
service life increases and, as a consequence of
the limited number of damage events, the ex-
pected Cy in the lifetime decreases. On the other
hand, for a long maintenance period, many dam-
aging events may occur within the bridge life-cy-
cle. As a result, the expected cost Cy4 increases
while the associated C,, decreases. These trends
suggest the existence of a particular value of the
maintenance period for which the expected
life-cycle cost becomes a minimum value,

2. Description of probabilistic
assessment

A deterministic operating cost equation has
been proposed in the literature (Goble 1992):

C., =103+ C WL (1)

where C, = operating cost, C,=damage cost, C_ =
average maintenance cost and L = bridge service
life. Eq. (1) is re-written now in probabilistic
terms and it is composed by the average damage
costs C§ and the average maintenance costs Cf,

that may occur during the bridge's service life. As
the damage and repair times are random, a
proper description of the average cost will be as
an expected cost. Once the damage and repair
times are modeled by probability distributions,
trials of these times may be performed through
simulation to represent the time varying se-
quence of events within the bridge service life.
First of all, a set of alternative maintenance
schedules is proposed in order to appraise the
economical effectiveness of each alternative. For
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a given maintenance schedule, the random gen-
eration of time series up to the bridge service life
is repeated, the life-cycle cost is calculated and
its average represents the expected life-cycle
cost. For the j-th alternative of maintenance
schedule, the expected damage costs for all the
possible bridge damages (which can be accumu-
lated for the bridge operating life and for all the
number of damages nd), is:

nd

E(C]); = E{ > Cy(Atd,)PVF(td )1 — FM(A@)]}

i=1

(2)

where the present value factor PVF of expendi-
tures made at time td,, is expressed in terms of
the annual net discount rate r as:

1
PVF( td.l] = —(Tr)ld’_ (3)

Also, CglAtd) is the damage cost and
FiqlAtd) is the annual cumulative distribution of
damage times associated to the time increment to
the next damage time Atd,.

Other concept commonly used is the avail-
ability, which is defined for the maintenance
schedule j and time tdy;

A Ldy
(Atdy + Atry)

A(Aldy) = 4)

The availability, adapted from Mechanical
Engineering. is the average percent time that the
bridge is available for service respect to the lile-
time.

If the damage and repair times are random,
the expected value is approximated:

—— E(Atdy)
ld;)l = ——
(AR = Eaid, + Aty

(5)

In a simplified representation, the bridge
performance is assumed to be described by a
random series of damage events (including all the
adverse consequences of insufficient mainte-
nance) and maintenance/repair (with restoring
capacity effect) events. These events cause that
the bridge manager has to spend money on tasks
either due to programmed preventive actions or

remedial corrective works. These costs may be
estimated from Monte Carlo simulation, for the
bridge's operating life L, according to the poten-
tial occurrence of the damage or maintenance
events. The bridge's historical failure and main-
tenance (or repair) Lime events are collected, and
fitted to proper probability distributions once the
damage event is defined. The corresponding
costs are step functions of either, the time to
damage, or the repair duration. This intends to
represent the damage cost consequences in
terms of the interruption time, and the repair
cost in terms of the repair duration. Monte Carlo
techniques allows for the simulation of random
times to represent the occurrence of damage or
maintenance eveiits. An enough large of random
numbers are used throughout the repetition of a
deterministic process to get a sample of results
where statistics can be made.

Here Ay is the prescribed as a constant pe-
riod for bridge maintenance according to the
schedule j, and Atdj; is the random time to dam-
age, both modeled from the bridge’s history of
previous damage and repair times. A damage
event (and its subsequent repair) occurs when-
ever a simulated value of Aldy is less than Af;and,
given no maintenance action during this time pe-
riod, the maintenance cost Cpy(Atdy) is 0. On the
other hand, when Aldy > At a maintenance event
occurs and the corresponding damage cost
Cd(Afdy] is 0.

The bridge’s life-cycle simulation process of
damage and maintenance sequential events con-
sists of two stages: damage time event (Atd;) and
repair time event (Atry), which are randomly gen-
erated times according to a predetermined distri-
butions, and subsequently added up to reach the
bridge service life. If rumy is the number of mainte-
nance actions:

nm;

nd
;[Atdg + Alr) + glnmj(gxr,f) = L 6)

Once all the failure, repair, and mainte-
nance tirne events are accommodated into the
service life L, the life-cycle failure cost and the
maintenance costs are accumulated and the to-
tal life-cycle cost is estimated for the mainte-
nance schedule j. Alter several trials of the simu-
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lation process are completed, the expected value
of the life-cycle cost E(CJLr ) , is estimated for main-

tenance schedule j. Finally, the optimal mainte-
nance schedule will be the one corresponding to
the minimum expected life-cycle cost.

Conceptually it is expected that, as the
maintenance period decreases, the maintenance
cost (C,’;I) increases, and the damage cost (C(’;] de-

creases. Conversely, for a maintenance period
large enough, Ck decreases whereas C5 goes up.
See Figure 1 for a graphical view of these concepts.
With the procedure described above, the corre-
sponding conceptual cost functions for the ex-
pected life-cycle costs may be outlined. An optimal
scheme will correspond to the combination of
bridge performance and maintenance schedule
that minirnizes the total expected life-cycle cost.

An optimal scheme will correspond to the
combination of bridge performarnce and mainte-
nance schedule that minimizes the total expected
life-cycle cost.

3. Cost functions for damage
and maintenance

The shape of the cost functions correspond-
ing to the alternative events of damage and repair
(or maintenance) may also be plotted. For every
simulation of Atdy, the costs shall result as may
be seen in Figure 2, where cg and cgyare the re-

pair cost (per year) and the loss associated with
the interruption of service on the bridge (per
year), respectively, in case that a damage event
occurs and a repair is required. Similarly, ¢, is
the maintenance cost (per year).

Usually the availability at a specific time is
expressed as the ratio between the time the sys-
tem is available (before the damage event), and
the cycle for that damage event, i.e., the ratio of
the time to damage respect to the sum of the time
to damage and the repair time:

Alt) = (7)
i (Aldy + Atry)

If these times are random, the availability at
the cycle “i" is the ratio between the expected
value of the time to damage and the expected
value of the cycle duration (which corresponds to
the sum of the damage time and the repair time):

A E(Atdy)
Y E(Atdy + Atry)

(8)

4. Application to two Mexican
bridges

The formulation is applied to the bridges
Cuto and Guadalupe, see Figure 3, two rein-
forced concrete bridges with a structural system

A A
E(Cy) ) Ect) t
At At At
Figure 1. Conceptual maintenance cost functions.
. CR +esr) Aty
C[{ ( & S[) v Cm (Cm f C_)‘[) L\[’;‘j

a)

.
>

At; Atdy;

b)

Al Atd;

Figure 2. Cost functions for (a) damage and (b) repair or maintenance.
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Figure 3. The two bridges analyzed: (a) Cuto Bridge, and (b) Guadalupe Bridge.

composed by a flat reinforced concrete slab sup-
ported by squared reinforced concrete piles. The
first bridge is a two 12.5-m span whereas the sec-
ond one has 6 spans with a total length of
169.5m. Figure 3 shows photographs of the two
bridges analyzed. At the time this paper was pre-
pared, the bridges have had only two repairs.
Data about the observed times to damage and re-
pair times are shown in Table 1.

The repair, service interruption and main-
tenance costs (cg, cg;, €y are in Table 2. T= 200
vears (this lifetime is the time limit to perform
and add simulation times, see Table 3).

From surveys performed to the bridges in
2001, damage and repair data were obtained [12,
13]. The time to damage (ty) and time to repair (t,)
were modeled as random variables, and with a xz
test of fit goodness, their corresponding distribu-
tions were obtained (Figure 3).

Weibull (Eq. 9) was found to be the best fit
over exponential and lognormal distributions for
tq, t, and the Availability function. The parame-
ters of this distribution are shown in Table 4.

F(ix)=1- exp[_—/;)a (9)

The mean availability for the Bridge Cuto is
92.1% whereas the one for the Bridge Guadalupe
is 86.2%. Finally, the expected life-cycle cost
analysis was estimated for several prescribed
maintenance periods. A sample of the calcula-
tions to obtain E[Cf‘) for At= 1 year and for Cuto
Bridge appears in Table 3. In the column “Faiiure
or mainten.” the indicator O expresses mainte-
nance (At< {y) and 1 means damage (At> ty) and,
once treaches 200 years, all the C/ are added up

Table 1

Damage (Atd) and repair (Atr) times
for both bridges (in years)

Time Cuto Guadalupe
Atd, 2.5 1
Atd, 8 4
Ar, 0.4 0.3
Ary . 0.5 0.5
Table 2

Annual costs (million pesos per year)
(1USD = 11 Mexican pesos)

Cost item Cuto Guadalupe
Cg 0.01 0.2
Cyy 0.3 0.4
N - Y 0.02 0.3

and the total is the value of E(C}). The results are

shown in Figures 4 and 5. Costs are expressed in
million USD (MUSD).

In order to assess sensitivity, the exercise
was repeated for other two values of service inter-
ruption losses, 3 and 0.1 MUSD for Cuto bridge
and 4 and 0.1 million for Guadalupe bridge. See
Figures 6 and 7.

5. Discussion

The optimal maintenance schedule may be
identified through the minimum expected life-cy-
cle cost. The expected life-cycle costs for several
alternative maintenance schedules, shown in
Figures 4 and 6, indicate that a maintenance
work every 2 years should be the optimal mainte-
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Table 3
Sample of calculations to get E(CF) for At = 1 year for Cuto Bridge (Costs in MUSD)
per year peryear peryear tn = 0.1
CR Csr Cm aq :8(1 o, ﬂr Aq ﬂa
0.010 0.3 0.02 2.224 2,948 2.3546 0.467 6.166 92.96 t
F&  ty(years) At (years)  F} t-(years) Damage  CL ok at 0
or
e e : mainten. ==
0.224 1.59 1 0.837 0.60 ] 0.032 0.032 1
0.380 2.11 0.010 0.06 0 0.032 0.032 2
0.082 0.97 0.219 0.25 1 0.079 0 0.079 3.23
0.804 3.67 0.326 0.31 0 0.032 0.032 4.23
0.161 1.35 0.477 0.38 0 0.032 0.032 5.23
- — e e 20043
E(ct) =849
Table 4 95
Weibull parameters for g, trand A 9
for both bridges 3 85 i
P e e O LaEEr N s ——— B =
_ Variable Parameter Cuto Guadalupe § a
e
« 2.224 1.866 <N |
td = 7 F
_ _p 2948 1217
o 11.59  5.064 o e i e S
t 0.8 1 1.5 2 2.5 3 5
B 0413 0322 t (years)
A & 0.261 0.240 Figure 4. Expected life-cycle costs
8 0.212 0.371 of Cuto Bridge.
34
nance time for the Cuto Bridge. On the other .
hand, for the Guadalupe Bridge, this optimal o
time of maintenance should be every 1.1 years. %

This reflects the bridge condition: i.e. there was
longer times for damage in the history of Cuto
Bridge, as compared to the shorter times for
damage observed in the data for Guadalupe
Bridge. The sharpness of the E(C) vs t curve for

Cute Bridge contrasts with the {lat shape (near to
the optimal) of the Guadalupe Bridge E(CF) vs ¢
curve. A possible meaning of such performance
might be due to the fact that the structural type of

L
t

E(C

25 . i

0.5 0.7 09 11 1.3 15
t (years)

Figure 5. Expected life-cycle costs
of Guadalupe Bridge.
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100
4
80 i
3
g 60 —a—3
= a0t —=-0.1
-2
“ o2 F
0 i . P P
08 1 15 2 25 3 5
t (years)
Figure 6. Expected life-cycle costs for Cuto
Bridge. Optimal points are indicated for
Cs = 3 and 0.1 million USD (MUSD).
210 ¢
7 = * *
*
160 -
o 0.9 years 164 MUSD
= i
£ 1o —d
g | . 0.1
" 60 o - L R e e ] - L ]
[.5 years 60 MUSD
10 i = T St S— e — -
05 | 15

t (years)

Figure 7. Expected life-cycle costs for
Guadaiupe Bridge. Optimal points are
indicated for Cy = 4 and 0.1 million USD
(MUSD).

the Guadalupe Bridge does not make a cost differ-
ence on the maintenance time period in the range
between 1 and 1.5 years, as compared with the
short span type of the Cuto Bridge. These compar-
isons show that every bridge is diiferent, thus de-
tailed studies should be performed considering
span ranges, structural types, age, and current
condition before any generalization is made.

From the goodness of fit tests, the Weibull
model predicts better the bridge deterioration vs.
time data, as compared with the exponential
model, which sustains a constant damage rate. It
is confirmed the convenience of using the Weibull
model, as reported on studies made to mechani-
cal equipment [14].

From the results obtained for optimal
maintenance of both bridges, it is observed the
better condition of the Cuto Bridge, the lower

risk, of the Cuto Bridge whereas the Guadalupe
Bridge requires a more careful attention because
ol its larger span and the more expensive costs of
service interruption. Also, the calculated mean
availabilities confirm the observation.

The sensitivity of the results against the in-
terruption service cost (the most important item
of all costs) showed, from Figs. 6 and 7, that, as
expected, the optimal maintenance time moves to
shorter periods. This means that the more impor-
tant is the bridge, the more protection and main-
tenance care is needed. Also, as the cost of dam-
age consequences gets lower, the expected life-
cycle cost gets flatter, which means that for facili-
ties with little important (short span bridge),
there is no much room to optimize the mainte-
nance. But, for important bridges (long span), the
optimal maintenance corresponds to only spe-
cific time periods. Although a constant Af; was
used to assess the life-cycle costs for every dam-
age and maintenance sequential events trial in
this application, the procedure is not limited to
such constant Ag;, and variable maintenance pe-
riods may also be used.

An inconvenience of the proposed formula-
tion is that all the maintenance and repair events
are mixed up and no difference is made between
failure/damage modes. However, an average
maintenance hourly cost is used as a rough ap-
proximation, and a refined model should include
a distinction among the damage modes in both
aspects: occurrence times and costs.

6. Conclusions
and recommendations

A probabilistic approach to generate opti-
mal maintenance schedules for bridges was pro-
posed and illustrated [or two Mexican bridges. As
expected, a more cost expensive bridge, with ex-
pensive consequences of damage/failure, re-
quires a more [requent maintenance. Whenever
the bridge has important damage consequences,
a more careful determination of the optimal time
between maintenances is justified because the
room for optimization gets smaller. The optimal
maintenance schedule is especially sensitive to
the loss due to service interruption.

It is recommended to extend this formula-
tion to consider several span ranges, ages, struc-
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tural types, and current condition to generalize
the conclusions to a regional or national inven-
tory and maintenance strategy plans. Further re-
search should be undertaken to refine the dam-
age and cost modeling. In particular, a more de-
tailed analysis may be developed by describing
damages and maintenance procedures by type
and level, according to the required attention
from bridge deterioration. Similar schemes may
be developed to integrate risk assessment with
cost estimations and produce cost-benefit mod-
els to be used as a support to managers for deci-
sion-making regarding optimal design and up-
grading. The proposed formulation may be ex-
tended and adapted to derive bridge availability
extension and an extension of the operating life
for older bridges. Implementation of the model to
a specific kind of bridge will require the adjust-
ment of the cost functions to the specifics of the
bridge. In the near future, further development
and refinement of these models may lead to sup-
port bridge managers and operators towards
making optimal decisions in the areas of inspec-
tion and maintenance.
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