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Abstract 

A criterion for preventive main tenance scheduling (PM ) is proposed based on lhe history of previ ­
ous damage occurrences . dura tion of repairs or maintenance, and the development of cost functions. Th e 
PM m lhod describes the performance of the bridge for the delertoration/damage even ts and main te­
na nce ac lions du ring the b ridge's service life. The time to fail ure and repror tim a re modeled s ra ndom 
variables. Sensitivlty studies s how thal the maintenance cost by damage consequence. an indirec m a ­
sure of the b ridge importance. plays a significant role on the oplimal main lenance period o 

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

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

Resumen 

Se propone u n crilerio para programación de man enimlen to preventivo de puen tes (PMS) basado en 
la hislorla previa de daños y r paraciones o duraci . n dcl ma ntenimiento. y en I desarrollo ele funcione 
de costo en el ciclo de vida. El m 'todo PMS describe el desempeño del Pu ente a medida que oc urren los 

ventos d daño/ de lerioro as í como sus resp ctlvas acciones de mantenimiento duran te la vida de servi ­
cio u operación del puente. El tiempo a la fal la y el de reparación se modelan como variables aleatorias. 
Estudios de sensitiv1dad dem uestran que los costos por consecuencias del daño . una medida Indirecta de 
la importancia del puente. juegan un pa pel s ignifi a tivo en el periodo óptimo de manteniml nto . 

Palabras clave: 	Manten miento de puen tes . costo en el ciclo de vida. tiem po al daño. tiempo de 
reparación. programa de ma ntenimiento óplimo. 

1. Introduction a nd other loss causing events [11 . Bridge manag­
ers in charge of maintenance and opera tion re­

Design and maJntena n e of bridges require quire priorization Indexes to juslify the fu ndlng of 
the explicit a nd systematic consider lion of the conservalion ac tlons. It is well known that In ­
life-cyc\e balance between costs a nd sa~ ty. To be creasLng tramc loads accel rates bridge delerlo­
effective. maintenance schcd ling ought to be raUon. lt is necessary to be carefu l with a n evalu­
based on t he quantltative assessment of the like­ ation of the b lidge [21. The referred assessmenl 
llhood a nd consequ ences of events tha t may may be used to assist operators and ma nag rs of 
cause fatallUes . injuri s. b ridge damage, eco­ these faciliUes In their tasks of ma king decisions 
nomic acUvi tles d i ruption. jammed trame cosls . on money allocation lo anUclpa te ¡he undesirab le 
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events occurrence, and mitiga te the conse­
quences of those accord ing to the specific risks 
a nd available resources for bridge repairs under 
their mana o·ement. 

RAM (Reliabil ity , Availability a nd Maintain­
ability) lechnlques have been successfully ap­
plled on industrial a nd mechanica l engineering 
[3, 4J to assess engineering syst ms perfor­
mance. In addition to that , IIfe-cycle eva luation 
h s given bases for deci ion making on bridge en­
gineering [5- 7J . These technlques a re migrating, 
and adapted with the proper modifications , in to 
proposing optimal maintenance schedu les for 
specUk bridge types. These concepts have 
probed their em iency to assess operational 
safe ty and to se t preventlve maintenance sched­
ules for indus t rial plan l [8, 11. On the other 
hand, life- ycle an Iys is has been u sed to predict 
b ridge safety condIUons and remalnlng lire [9 , 

10 J. 

Based on those advances , a Cl;terion for 
preventive main tenance scheduling is proposed 
in this paper. whlch resorts on the h istory of 
damages and malnlenance/repair evenls, de­
scrtbing the bridge perfor mance as the deterlo­
rating/da maging events a nd maintena nce ac­
tions occurred du ring the bridg 's lIfe. The basis 
o[the for mulaUon Is the consideraUon of two ran­
dom variables: the wal ting time to dam age (time 
to detect a da mage), and the dura lion of the 
maintenan e (works requ ired to restore Lhe 
bridge capacity). It is assumed that the b ridge 
fallure is prevented by u s ing th is scheme. Th 
probability of b ridge deteriora lion / damage in­
cr ases as a r s ult of intense traffic and inade­
quate (or insufflc ient) mainl nance, which re­

u lts in a series of consequences (sp cially the 
econom ical losses due lo service interruption) in­
cluded in the calculation of the expected cost of 
det riorating/damaging evenls derived , for ex­
ample, from the bridge exposure to heavy traffic 
condi tions. he procedure may be adapted to 
represent other lypes of h azards, Le. seismic haz­
ardo 

Monte Carla simulatlon is used s a means 
to estimate the expe ted life- yele cost associated 
wlth a given maintenance schedll l (1 Ll . Based 
on s l1ch simulations, s implified cosl functions 
are dcveloped. then alt rnatlve sch .d llles are 
om pared. and finaBy the optlmal a llem alive, 

corresponcting lo the minimum exp cled life-cy­
ele cost, is chosen . 

Ana ly tical expressions are proposed for the 
expected cost runcli ns . As these events occu r at 
random periods in the futu re within the bridge's 
se rvice li fe, their resp ctive cos ts need to be ex­
pressed In present va lu e ineluding th cou nlry's 
exchange rate where the bridge i5 located. The 
damage cost (Cd) consequ nces , mainly the oper­
ation component interrup lion cost In hcavy traf­
fíe bridges, have a cn lcial impact on the optimal 
main tena nce sched ule. If lhe maintenance pe­
riod (this in estigation assumed constant t to 
slmplify the illustra lion) is short enough. the 
whole main tenance cos t (Cml durlng the bndge's 
service life increases and , as a consequence of 
the limited nu mber of da mage even ts . lhe ex­
pected Cd in the lifetlme decreases . On the other 
hand, for a long maintenance period o many dam­
aging events may occur within th e b rldg li~ -cy­
ele. As a resull, the expecled cost Cd increases 
while the associ led Cm decreases . These trends 
suggest the exis tence of a particular value of the 
mainlenanc p riod for wh ich the expected 
life-cycle cost becomes a minimum value. 

2. Description of probabilistic 
assessment 

A delerministic opera tln .eost equa tlon has 
been proposed in th lilera tu re (Goble 1992): 

(1) 

where Ca =op ratlng cost , Cd =damage cost oCm = 
average maintenan ce cost and L = bridge service 
llfe. Eq. (1 ) is re-written now In probabilis tic 
terms and it is composed by the verag damage 
costs C~ and th e average maint na nce cos ts C;, 

that may occur during the bndge's service life. As 
the damage and repair times are random , a 
prop r description of the average cost will be as 
a n expecled co l. Once the damage and r pair 
times are modeled by probab ili ty d istribulions , 
trials of these times may be performed through 
simulation to repres nt the time vruying se­
quence of even ts within the bridge servic life. 

First of all , a s el of alterna tive malntenance 
schedul s is proposed in order to appraise the 
economicaI effectiveness of ach aller na tive. For 
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a given maintenance schedule. the random gen­
eration of time series u p to the bridge service \ife 
is repeated, the life- ycle cost is ca l ula ted and 
its average represen ls the expected life-cycle 
cost. For the )-th alternative of ma intenance 
schedu le, th expected damage costs fo r ail (he 
possible bridge damages (which can be accumu­
la ted for the bridge opera ting life and for all the 
number of damages nd), is: 

" rt }E(C~l j = E { ~Cdi(Md;)PVF(tdi ) [I- F((¡ (Mdil ] 

(2) 

where the present value factor PVF of expendi­
tures made a t time tel¡. is expressed in terms of 
the annual net discoun t rate ras: 

PVF(tdi ) = 
1 

l<i (3) 
(1 + rJ ' 

Also , Cct)MdJ is the damage cost and 
Ftct(MdJ is the a nn ual cumulative di tribution of 
damage ti mes as socialed to the time incremen t to 
the next damage time tdi. 

OLher concept commonly used Is the avail­
abil ity, which is defined for the ma intenance 
schedule ) and time td¡/ 

M d 
A(M d;) = y (4) 

y (M dy+ M rij ) 

The availability, adapted from Mecha nica l 
Engineering. is lhe averag percen l time th a t the 
b ridge is ava ila ble for service respect to the !ife­
time. 

lf the damage a nd repa ir times ar e random. 
the eA.'pected value is approximated: 

E( M dij ) 
(5)E[A ( ~Ldy )1 = E (M dy + trij) 

In a s implified r p resentation, the bridge 
per forma nce is assumed to be des cribed by a 
random series of damage events (includ ing a l! the 
adverse consequences of insufficien t mainte­
nance) and maintenance j repair (with restoring 
capacily effed) even ts. These events cause thaL 
the bridge manager has to spend money on tasks 
eithcr d ue to programmed preventive actions or 

remedí l corrective works . These costs may be 
estima ted from Mont e rlo s imulation. for the 
bridge's operating ¡¡fe L, accord ing to th e poten­
tial occurrence of the damage or ma in tenance 
events. The bridge's historical failure a nd ma in­
tenance (or repair) lime evenlS a r collected, and 
fitted to proper probability distributions once the 
damage event is defined. The corresponding 
costs are step funct ions of either, the time to 
damage . or the repair d uration. This intends to 
represent the damage cost consequences in 
terms of the interruption t ime. and the repa ir 
cost in lerms of th e repair dura lion . Monte Carlo 
tech niques allows for the simulation of random 
tim es to repre ent the occurrence of dama 'e or 
maintena nce events . An enough large of random 
numbers are used throughout the repetition of a 
d terminisUc proces s to get a sample of results 
where s latistics can be made. 

Here 110is the prescribed as a constant pe­
riod for bridge ma inlen ance accord in g to the 
sched ule ) , and M d y is the random lim to dam­
age. bolh modeled from the bridge's his tOIy of 
previous dama e and repair times. A danlage 
event (a nd its subsequent repai r) occurs when ­
ever a sim ula ted valLle of Mdij is less than 11 ~ and o 
given no ma intenance acUon during this time pe­
rlod, lhe main t na nce cost Cm(Mdjj) is O. On the 
other hand , when Mdy > 110 a maintena nce event 
o curs a nd the corres pondlng damage cost 
Cd(M d y) is O. 

The brictge's life-cycle simulation process of 
damage and main tenance sequenUal e en ts con­
sists of two stages : damage time event (Mdij) and 
repair time ev nt (Mrijl. which are randomly gen­
era l d times accord ing to a predetermíned dlstri­
butions , and su bs qu ntly addecl up to reach th e 
bridge s rvice !if¡ . Ir nr~ is the n u mbe r of main te­
n an ce a t1ons: 

nd nm ¡ 

L ( ~tdy + M rij ) + L nm)~tr¡() = L (6) 
i= l k = l 

Once a l! the failu re. repa ir. and main te­
nance time events are accommodated in lo the 
service \ife L. Lhe Iife-cy l failure cost a nd the 
ma in tenance cosls a re accumulated and the to­
ta l life -cy'l cost is es tima t d for the mainte­
na nce schedule). Alter several t ri Is of the s im u-
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la tion process are compleled, the expected value 
of the lIfe-cycle cost ErCJ ) j is estima t d for main­

tenance schedule ). Finally, the optimal mainte­
nance schedule \vi ll be the one corresponding to 
the min imum expe ted life-cycle cos t. 

Conceptually it is expected that, as the 
malntenance period decreases, the maintenance 
cos t (C~) Increas s , and the damage cost ( C~ ) de­

creases. Conversely, for a main tenance period 
large enough, c~ decreases whereas C~ go s up. 

See Figure 1 for a graphical vlew of these concepts . 
With the proced ure described aboye, the corre­
s pondin conceptual cos t funcUons for the ex­
p cted life-cycle cos ts may be oulUned. An opUmal 
s cheme will correspond to the combination of 
bridge performance and maintenance schedule 
that minjrnizes the total expected life-cycle cost. 

An optimal scheme will correspond to the 
combination of bridge performance and mainte­
na nce schedule lh a t min lmizes the total expe ted 
llfe-cycle cost. 

3. Cost functions for damage 
and maintenance 

Th s ha pe ofthe cost fu nclions correspond­
ing to the a lterna tive events of damage a nd repair 
(or mainlenance) may also be plotted . For every 

simulation of M d ij' th e os ls s ha ll res ult as may 
be seen in Figure 2. where cR and cSI are the re-

E(C-,,) 

pair cost (per year) and the los s associa ted with 
the inteITUplion of service on the bridge (pe r 
yearl. respectively, in case that a damage event 
occurs a nd a repair is r quired. Similarly , cm is 
the main tenance cost (per yea r). 

Usua lly U1e availability at a specific time is 
expressed as th ra t io between the time the sys­
tem is available (before the damage event). and 
the ycle for that damage even t. Le., the ra tio of 
the time to damage respect to the s um of the time 
to damage and the repa ir time: 

(7) 

rfthese times are random, the a vailability at 
the cycle "' C' 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 danlage ttme and the repair time): 

E( idy) 
(8) 

4. Application to two Mexican 
bridges 

The formulation is applied to the bridges 
Cu lo and Gu adalupe. see Figure 3 . two rein­
foreed concre te bridges with a structural system 

E(C',) 

tll 
Figu re 1. Con eptual ma in lenance cost fu nc Uons . 

(CR +CS f ) 11 ( /jj Cm 

b)
a) 

11tdij 

Figure 2. Cos t fu n tlons for (a) damage and (b) r pair or mainlenance. 
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Figure 3. The l WO bridges analyzed: (a) Cuto Bridge . an d (b) Guadalupe Bridge. 

composed by a flat reln[orced concrete slab sup­
ported by s quared reinforced concrete piles. The 
firs t bridge is a two 12.5-m span whereas the sec­
ond one h as 6 spans W iUl a total length of 
169.5m. Figure 3 shows pholographs of the two 
brtdges analyzed . At the t ime this paper was pre­
pared. the bridges have had only !:wo repalrs. 
Data about the observed tim s lo damage n d re­
pair times a re shown in Table l . 

The r palr. service Interru ption ancl maln­
tenance cos ts (CR, CSI> cm) a re in Table 2. T =200 
yea rs (th ls lifetime Is the time limit to perform 
a nd add s imula tion times. see Table 3) . 

From s urveys performed to th brid es in 
2001, damage a nd repair data were obtained [ 12. 
13J. The lIme to damage (td) and time to repair (tr) 
were modeled s random variabl s . a ncl with a l 
test of fil goocl ness. th ir corresponding dístribu­
lions were obta ined (Figure 3). 

Wcibull [Eq . 9) was found lo be lhe best Ilt 
over exponentia l and lognorma l d istributlons for 
td' tr and the Availabilily fu ncHon . The parame­
ters of this d i tribullon are shown in Table 4. 

F(x) = l- exp( ~x)a (9) 

The mean availability for the Bridge Cuto is 
92. 1 % whereas the one for lhe Bridge Guadalu pe 
is 86. 2%. Fin lIy . the exp clec\ life-cycle cosl 
analysis was eslimaled for everal prescribed 
malnt n' nce periocls . A sampl of the calcula­
tlons to oblain E(Cl

L 
) for M = 1 year n d fo r Cuto 

Bridge appears in Table 3 . In lhe column "Faiiure 
or m inlen. " Ihe indicator O expresses mainte­
nance ( t < LctJ and 1 means d mage (M > td ) an d . 
once t reaches 200 years. a ll the cl' are added up 

Table 1 


Damage (Md) and repair (.0.Lr) times 

for both bridges (in years) 


Time Cu lo Guadalu p 

Md l 2. 5 

M d2 8 4 

r J 0.4 0 .3 

~r'2 0 .5 0. 5 

Table 2 

Annual costs (million pesos per year) 


(1 USO = 11 Mexican pesos) 


Cost ílem Cu to Gu adall.lpc 

cR 0.0 1 0 .2 

CSl 0 .3 0.4 

CM 0 .02 0. 3 

and the total is the value of E (C[L) . The resu lts are 

shown in Figures 4 and 5 . Costs r expr ssed in 
mi11!on USO (MUSO). 

In order to assess sensilivity. the exercise 
was repeated for other two valu es of service in l r ­
ruption Iosses. 3 a nd 0 .1 MUSO for Cu to bridge 
a nd 4 and 0 .1 million for Guadalupe bridge. See 
Figur s 6 a nd 7. 

5. Discussion 

The optima l mainlenance s chedu le may be 
identified through lhe minimum expected Ufe-cy­
ele cost. The exp cted life-cycle cos ts for severa l 
alter naUvc ma inlenanee eh d ules . shown in 
Figures 4 and 6 , indie te tha t a main tenance 
work every 2 years should be lhe optimal mainte -
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Table 3 

Sample of calculalions lo gel E(cf) fo r M = 1 year for Cuto Bridge (Cosls in MUSD) 


peryear per year per year t -m­ 0 . 1 

cn CS ! cm ad f3d a r f3r a a f3a 

0. 010 0.3 0.02 2.224 2 .948 2 .3546 0 .467 6 . 166 92.96 

F d 
A td (years) M (years) Fr 

A tr (years) Damage eL 
d 

el. 
m c L 

[ o 
or 

mainten . 

0.224 l. 59 0 .837 0.60 O O 0.032 0. 032 

0.380 2.11 0 .0 10 0 .06 O O 0 .0 32 0.032 2 

0 .082 0 .97 0.219 0 .25 0.079 O 0.079 3 .23 

0.804 3 .67 0.326 0 .3 1 O O 0 .0 32 0.032 4.23 

0 .161 1.35 0.477 0 .3 8 O O 0.032 0.0 32 5.23 

20 0.43 

Table 4 

Weibull parameters for td, tr and A 


for both bridges 


Variable Parameter Cuto Guadalu Ee 

a 2.224 1.866 
td 

2 .948 1.21 7 fi 
a 11. 59 5. 064 

tr 
0.413 0 .322fi 

a 0.26 1 0 .240 
A 

0 .212 0 .37 1 fi 

na ne time for the Cu to Bridge. On the other 
hand. for th Guada lupe Bridge. this optimal 
lime of maintenan ce should be every 1. I years. 
This rellec ts the bridge condltion : i.e. there was 
longer times for damage in the history of Cuto 
Bridge. as compared to tJ1e shorter times for 
damage observed in the data for Guadalupe 
Bridge. The sharpness of the E( e[-) vs Lcurve for 

C to Bridg contrasts with lh flat shape (near to 
the optimal) of the Guadalupe Bridge E (C/l.) vs t 

curve. A poss ible mean ing of s uch performance 
might be d ue to the fact that the stmctural type of 

E (C/') = 8.49 

9 .5 

9 

O' 
(J) 
::::l 

~ 

8.5 

8 

..J _ 

u 
¡¡¡ 

7.5 

7 

6.5 

0 .8 	 1.5 2 2.5 3 5 

t (years) 

Figure 4 . ExpecLed life-cycle costs 
of Cu to Bridg . 

34 

o 
ti) 
::::l 
~ 31 

..J_ 

U 

W 28 

25 

1.50.5 	 0.7 0.9 1.1 1.3 

t (years) 

Figu re 5. Expected life-cycle costs 
of Guadalupe Bridge. 
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100 
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e 
fI) 60::;¡ 

~ g........ 0.1 

..J_ 

40 
u 
W 20 

o 
0.8 1.5 2 2.5 3 5 

t (years) 

Figure 6. Expected life-cycle costs for Cu to 

Bridge. Optimal poin ts are indicaled for 


e l = 3 and 0. 1 m!llion 'SO (MUSO). 

210 , 

160 

I • 
• • .- . • t 

0.9 yean¡ 164 MUSDe 
fI)
::;¡ 


~ 110 
 .-- 4 I 
..J _ 

u 
L • 01 1W 

60 • • .-.- . -. • 
1.5 ycars 60 MUSD 1 

10 

0.5 1.5 

t (years) 

Figure 7. Expec ted life-cycle costs for 
Guadalupe Bridge . Optima l points a re 

indieated for CS1 =4 ancl 0. 1 mHlion USO 
(MUSD). 

th e Guadalupe Bridg does noL make a cost differ­
ence on the maintenance time period in the range 
between 1 and 1.5 years. as ompared with the 
short span type of Lhe Culo Bridge. These compar­
isons s how that every bridge is dUferent. thus de­
ta il d sludtes should be performed considering 
spa n ranges. s lruc tural Lypes. age. and cu rTent 
condition before any genera üza tion is made. 

From the goodness of fit Les t , the Welbull 
model predicts betler the bridge delerioratlon vs. 
time data. as compa red wi th lhe exponential 
mode!. whi b sust ins a constant damage rate. It 
is confi rmed the convenience ofu sin the Weibull 
model. as reported on ludies made lo mecha ni­
cal equipmen t [14]. 

From the resul ts oblained for opUmal 
ma intenance of boLh bridges. it is observed lhe 
betler condition of the Cut Bridge. lhe lower 

risk. of lh Cuto Bridge where s tlle Guadalupe 
Bridg requ ires a more carefu l a ttenlion b cause 
ofi ts la rger span and tbe more expensive cos ts of 
scrviee InterrupUon . Also. lhe cal ulated mean 
availabilities confirm the observation. 

The sensitivi ty of th res ulb again t lhe in ­
tem Jption service cost (the mosl imporla nt item 
of all costs) s howed. from Flgs . 6 and 7 . tha t . as 
expected . lhe optimal malnlenance lime moves lo 
shorter p riods. This mea ns tba t lh e more impor­
tan t is the bridge. lhe more prolecUon a nd main­
tenance ca re Is ne dedo A1so . as lhe cosl of dam ­
age consequences gets lower. lhe expected life­
cycle cos t gets flaller, which means t hat [o r facIli ­
ties wtLh li ttle im porlant (s hort span bridge). 
lhere is no m u ch room to optimlze the mainte ­
nance. Bu t. for important bridges (long s pan). the 
optimal ma1 n tenance corres ponds to on!y spe ­
c lfle time periods. A1though a con tan t 6.0 was 
u sed to asscss lhe liIe-eycle eosLs for ev ry darn­
age a nd main tena n e sequenlial events trial in 
this application. the p rocedure is not II miled to 
s uch constant 6.0. and varia ble mai ntenance pe ­
riods may also be used . 

An Inconvenience of the proposed formula­
Lion is that a ll tire ma intenance and repair ev n ts 
ar mixed u p a nd no difference Is rnade betw en 
fa ilure/damag modes. However. an average 
mainlena nce h ourly cos t is lIsed as a rough ap­
proxima tion. and a refined model should inelude 
a d is tinclion among lhe darnage modes in bolh 
aspect.s: occurr nee times and eosts. 

6. Conclusions 

and recommendations 


A probabllistic approach to generate opti ­
ma l malnl nance schedules ror b ridges was pro­
posed and iIlu trated for two Mexican b ridge . As 

expected. a more cost expen sive bridge. wtth 
pensive consequenees o da mage/fallu re . re ­
quires a more frequenl m inl na nce. Whenev r 
the b ri dge has importan!. damage consequences , 
a more car fuI delerm lna tion of the optimal time 
between main lenances is j usti fied bec use the 
room ror optlmizatlon gets small r. The optima! 
ma inten ance sched u le is especia lly sensiUve to 
the lo s due to service interruption. 

It is recommended to xtend thiS for m ula ­
tion lo consider several span ra nges . age ,slruc-
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tu ral typ es, a nd current condition to genera lize 
the conclusions to a reg! nal or nalional inven ­
tory a nd maintenance s trategy plans. FUrLher re­
search should be undertaken to refine the dam­
age and cost modeling. In particula r, a more de ­
taHed analys ls may be developed by describing 
dam ges a nd mainle nance procedures by lype 
and leve!. according lo t h requ ired a tten tion 
from bridge deteriora tion. Similar schemes m ay 
be developed to inlegrate ris k assessment with 
ost estimalions and produce cost-benefit mod­

els to be used a s a support to managers for deci ­
sion-maklng regarding optima! des ign and up­
gradlng. The proposed form u lation may be ex­
tended and adapled to derive bridge vailability 
extens ion and an extens ion of the operating life 
for older bridges . Implementation of the model to 
a s pecific kind of bridge will requir e the adjust­
m 'n t of lhe cost functions to lhe s pecifics of the 
b ridge. In the n a r future, further d > e lopment 
a nd r .fin ment of these moclels may lead to sup­
port bridge managers and operators towards 
making opUmal decisions in the area . of inspec ­
lion and malntenance. 
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