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This study attempted to develop a decision support system for rehabilitation strategies of existing
concrete bridges based on life cycle analysis. This proposed system is able to not only evqluaVe the
serviceability of existing bridge members, but also offer some strategies based on a combinatign of
maintenance cost minimization and quality maximization approach
problem, the Genetic Algorithms were adopted. By applying these algorithms to the optimization
         e approximation optimal solution (rehabilitation strategy) could be quickly found.problem, th
Moreover, applications to some existing concrete bridges were presented so as to demonstrate the
                   ridge management system. As a result, it was verified that this pTgposedsuitability of proposed b
system is able to estimate the deterioration ofbridge members and present various rehabilitation

strategles.

Keywords: bridge management system(J•-BMS); bridge rating expert system; concrete bridge;
         maintenance planning; genetic algorism; optimization

Recently, due to such factors as the increase in traffic volume, the increase in the weights of
vehicles and the structural aging, many highway bridges have seriously deteriorated over the years
in many advanced countries. In Japan, one report shows that in about 1O years frorp now, around
201O, the ratio of the bridges which will reach 50 years of age will be about 350/o smce many
highway bridges have been constructed through the national highway networks' project launch.ed
around 1955. Thus, it is essential that those b
on the seriousness oftheir deterioration. Despite the problem, since the budget is limited, it is
               nds to be split equally for both maintaining the deteriorated bridges andnecessary for the fu
constructing the new ones. For this reason, the necessity of developing a practical bridge .
management system has been pointed out in Japan, because the maintenan.ce. of existing b
become a major social concern. The goal ofthis system is to assist the decision-makers and the

administration in doing theirjob.

The aim ofthis study is to develop a practical bridge management system (J-BMS) for deteriorated
concrete bridges, integrated with the Concrete Bridge Rating Expert System(BREIX) [1,2] that can.
be used to evaluate the serviceability of existing concrete bridges. The proposed system uses multi-
layered neural networks to predict deterioration processes in existing bridge.s,. conFtruct an optimal
maintenance plan for repair and!or strengthening measures based on minimizmg 1ife cycle cost, and
also estimate the maintenance cost. In this system, the Genetic Algorithm (GA) technique was used
to search for an approximation ofthe optimal maintenance plan [3,4]. A compa.rison.ofthe results of
applying this system to some actual in-service bridges with the results of que.stionnaire survgys to
experts shows found that optimal maintenance planning as well as b
accurately using this system.
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Figure 1 shows the flowchart ofthe proposed J-BMS. The J-BMS is applied mainly to the existing
reinforced concrete bridges, and target members are main girders and slabs at present stage. The
proposed J-BMS is constmcted on a personal computer using the P7sual Basic and C language.

For existing concrete bridges, the first step in the proposed J-BMS involves a wide range visual

inspection data related to the target b
evaluated using the obtained inspection data and the technical specifications of tlje target .b
(B). This evaluation is performed using a program referred to as the Concrete B
System (BREX) which is currently under development by the present authors. The outputs of pais
evaluation include the mean soundness scores for load-carrying capability, durability, etc., which



are given on a scale ofO-1OO [5]. Then, based on the results ofthe expert system, present
deterioration can be characterized and the remaining life ofthe bridge can be estimated using the
predicted function ofdeterioration (C). As a preliminary step, the effect ofrepairs and strengthening
were estimated, and the cost ofeach maintenance measure was determined
estimation of maintenance costs and the prediction ofremaining life after maintenance (D). Finally,
if the present remaining life calculated by J-BMS does not exceed the expected service life, the
rehabilitation strategy is obtained from the prediction curve according to the cost and effect of
repairs and strengthening. This strategy includes various maintenance plans provided by the cost
minimization or quality maximization (E).

The authors have been working for some time on the development of an expert system that cqn be
used to evaluate the performance of existing concrete bridges based on knowl
acquired from domain experts [1,2]. The proposed expert system (BREX) evaluates aspects ofq
bridge's present performance, such as serviceability, load-carrying capability, and durability. It is
based primarily on information obtained from a wide range visual inspection qata, such as traffic
conditions, crack width, etc. though various performances such as serviceability, aesthetic,
environmental, functionality, etc. are able to be mentioned as other indexes for evaluation of
existing bridges. In the present study, it is also defined that this serviceability is estimated by load-
carrying capability and durability. in addition, load-carrying capability is defined 4s. thg bridge
performance based on the load-carrying capacity of the bridge member, and durability is defined as
               ridge member to resist deterioration based on the deterioration speed gfthethe ability of the b
member. Therefore, these two perforrnances are applied as
maintenance for deteriorated bridges. In fact, load-carrying capability is applied as an index to.
estimate the necessity of strengthening works, and then durability is appl
the necessity of repair works in the proposed J-BMS.

The present performance of existing bridge members can be evaluated using tlje pr.oposed e.xpert
             . However, this system cannot be used to estimate future deterioration ofbridge
members. Therefore, prediction curves for the load-carrying capability and durability, respectively,
are used to perform deterioration estimation though various deterioration prediction methods such
as transition probability matrix have been proposed in several other papers [6]
assumptions were made in constructing the deterioration prediction curves ofthe present study:

   The deterioration curves for the bridge members are drawn as an integrated convex graph in
1)
   which the venical axes represent the mean soundness scores of load-carrying capability and
   durability and the horizontal axes represent bridg
   progresses rapidly with bridge age. The mean soundness scores of load-carrying capability and
   durability obtained from the expert system are described below as SL(t) and SD(t),

   respectively[7,8].

          aL, bL, aD, bD:constants, t:bridge age (years).
2) The mean soundness scores ofload-carrying capability and durability are ranked on a scale ofO-
   1OO, on which a score of 1OO represents a newly built bridge. As the bridge deterior.atgs, the .
   score decreases and finally reaches O, indicating that the bridge can no longer remain in service
   and requires rebuilding.
3) The deterioration curves up to the first inspection, that is, f(o)(t) and g(o)(t) are given by two

   elements: the score when the newly built b
   score at first inspection, which is obtained using the expert system.
4) Repair and strengthening works infiuence th
   bridge members. The deterioration curve after maintenance differs according to the type of



                 od has been presented which clarifies the effect ofrepair andror strengthening
works on the deterioration prediction curves of the load-carrying capability and the durability, this
method can not be applied to conventional evaluation systems. In the present study, a repair work is
assumed to affect the deterioration curve of durability, whereas strengthening work is assumed to
affect the deterioration curve of load-carrying capability. Therefore, the basic concept of the
strengthening effect is to show that the mean soundness score ofthe load-carrying capability would
   e up if the bridge is strengthened, while the basic concept of the repair effect is to show that thegrad
mean soundness score of the durability would grade up and the velocity of the prediction curve for
the load-carrying capability would also slow down (the deterioration speed of the load-carrying
capability would slow down), if the bridge is repaired. The basic concept of this effect is depicted in
Figure 2. Furthermore, the degrees ofrecovery ofperformance (load-carrying capability and
durability) associated with repairs andror strengthening as judged by an expert and comparing the
present standard of design and the previous one were obtained and are listed in Table 1 anq Table 2
[5]. in future studies, these tables should be modified using experimentally acquired data smce the
values presented here are strictly hypothetical.
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Maintenancemeasure Typeofmaintenance Loadcarrying

Capability
Durability Cost

(IU]ll,ooo!m2)

Epoxyinjection *1 1OO 23.8U

Recoveryofcross'sectlon
- *1 100 14.0U

Glasscloth ' Noeffect *1

Mortarspraying Noeffect *2 14.0U

Steelplatecovering ' s SeeTable2 70 112.5U

.

FRPcovering s SeeTable2 70 2layers:l12.5U
4layers:78.0U

Externalcables ' s SeeTable2 Noeffect 150.U

Note: R = Repair, S = Strengthening, *1 : Deterioration rate reduced by 500/o. *2 : Deterioration rate reduced by 600/o



Table 2 Degree ofrecovery ofload-carrying capabilityfor strengthening measures

Yeardesigned Steelplatecovering
(FRP:4Iayers)

FRPcovering
(2layers)

Externalcables

1939 130 120 150

1956 120 110 140

1956 100 100 100

The proposed J-BMS estimates the remaining life of a target bridge in terms of durability and load-
carrying capability after diagnosis ofthe present performance using the proposed expert system. ln
addition, if the present remaining life calculated using the deterioration curve is found to be shorter
than that predicted by the expected service life (denoted by 71), some maintenance plans are
presented as the rehabilitation strategy based on life cycle costs, the prediction curve and the effects
ofrepairs andror strengthening measures. In the present study, maintenance planning is mod
a combinatorial optimization problem, because the maintenance plan is comprised ofvarious
maintenance measures [5]. The analysis period begins from the present age ofbridge (denoted by

t'
) and runs until the expected service life (7). Note that even though T is the end of the analysis

     , this point does not represent the end of the target bridge's life. In the present analysis, oneperiod
maintenance measure is chosen every year in order to construct a maintenance plan. Thus,
maintenance may include no maintenance (No repair, No strengthening) as well as combinations of
repairs andror strengthening measures.

Many aspects influence the choice ofrehabilitation strategy. Therefore, the rehabilitation strategy
should be optimized for budgets, damage, safety, policy, environment, road users etc. As a
preliminary step, the present study only examines the direct-cost minimization ofmaintenance
measures (see Eq. (3)) and the maximization ofbridge quality (see Eq. (4)) as the optimization
method. From a practical point ofview, the quality ofa bridge is defined as the total sum ofthe
mean soundness scores of durability and load-carrying capability during the analysis period.
Therefore, the present optimization problem ofrehabilitation strategy is described by the following
multi-objective combinatorial optimization:

  Subject to: SL (t)ÅrO SD (t)År O, O f{ t sl T

where, t=Bridge age (years),1'--Type of maintenance measure chosen for the year t , t '=Present age
ofbridge (initial time, corresponding to the first year ofthe analysis period), T=Expected service
life (final time, corresponding to the last year of the analysis period), SL(t)=Mean soundness score
ofload-carrying capability in the year t, SD(t) =Mean soundness score of durability in the year t,
Cij --Cost ofmaintenance measurel' carried out in the year t, Fi=Total cost ofmaintenance .
measures, F2=Total sum ofmean soundness scores ofload-carrying capability and durability dunng
the analysis period, corresponding to bridge quality.

Since this is a multi-objective combinatorial optimization problem, GAs are adopted for the
combinatorial problem due to the large number ofcombinations. GAs are used to search for an
optimal maintenance plan. In addition, thes-constraint method was applied to the multi-objective
problem. In order to suggest various maintenance plans according to cost constraints that are
established by the J-BMS user, the g-constraint method is applied to the following algorithm for
suggesting the rehabilitation strategy of a target member. In this case, Fi is assumed to be prior to
F2, that is, cost minimization is more important than quality maximization (see Eqs. (3) and (4)).
The procedure works with the following three main steps.



Step 1: The maintenance plan based on cost minimization is searched using GAs. Cost 1 and
      Quality 1 are obtained from this calculation, where Cost 1 = minimum cost, corresponding
      to the cost ofthe obtained maintenance plan and Quality 1 = quality ofthe maintenance
      plan obtained in this calculation.

Step 2: GAs are applied to the following problem and search for the optimal maintenance plan
      based on quality maximization. The additional budget ct is established by the BMS user.

      where cr = additional budget.
Step 3: Return to Step 2 after altering or. This repetition enables various maintenance plans to be

In here, the J-BMS is applied to seven existing bridges (nine spans) which are all RC T-girder type
bridges, in order to test its validity. In this example, the expected service life (7) ofthe target
bridges was set to 90 years, the parameters used in the present application ofGAs are shown in
Table 3.
               Table 3 Parameters qfthe genetic operator used in lhis sludy

Item Parametervalueormethod

Populationsize 30individuals
Maxgeneration 300generations

Selectionmethod TournamentselectionandElitistselection
Crossovermethod

.

one-cut-polntcrossover
Crossoverrate 1Ooo/,

Mutationrate 1oo/,

Tables 4 shows, as an example, the results of the deterioration estimation of the main girders
obtained in the form ofoutputs from the bridge management system (J-BMS). These results are
system outputs reflecting learned weights obtained by using data for a number ofbridges other than
those covered in the deterioration estimation as training data for learning (leave-one-out
method)[4]. In the leave-one-out method oflearning used in this study, to estimate the deterioration
of "Hataka-bridge span 1" for example, data on the eight spans other than the "Hataka-bridge span
1" are used for the training ofthe inference engine. Estimating the degree ofdeterioration ofthe
only span whose data was not used for the learning by the above method is equivalent to estimating
the deterioration ofa newly encountered span after completing learning sessions for a number of

spans.

Table 4 Estimation results obtained by using the deterioration estimationfunction (main girders?
Bridgename

Judgmentitem Hataka Niji Nobutaka Mine Mine Getusyou Tobimatu Tobimatu Ougame

Girderdesign :f-s(69.1)
M(60.8) M(60.5) f-s(68.4) f-s(69.8) f-s(71.4) f-s(67.4) f-s(64.2) M(56.7)

Girderexecution f-s(65.2) M(43.4) f-s(75.9) f-s(68.5) f-s(68.7) M(61.9) M(62.0) f-s(71.5) f-s(68.5)

Servicecondition 1f-s(70.1)
f-s(74.2) f-s(73.2) f-s(83.3) f-s(82.0) f-s(67.9) f-s(69.6) f-s(70.1) f-s(69.5)

Deteriorationofmaterial
1M(50.1)

M(39.1) f-s(78.3) f-s(64.6) f-s(68.3) f-s(71.2) f-s(76.7) M(38.4) f-s(72.9)

Flexuralcracking s-d(32.7) M(58.2) f-s(79.6) f-s(81.4) f-s(78.9) f-s(79.1) f-s(84.4) f-s(82.3)

Shearcracking S(95.0) S(92.7) S(91.7) S(91.7) S(91.4) S(92.1) S(91.5) S(91.4)

Corrosioncracking M(49.5) M(46.8) f-s(84.3) f-s(84.1) f-s(65.2) f-s(82.4) S(89.0) M(40.1) f-s(73.9)

Bondcracking S(92.6) S(91.0) S(91.4) S(91.6) S(91.0) S(91.2) S(91.2) S(91.2)

Oyeralldamage M(53.4) M(49.9) f-s(84.7) f-s(75.6) f-s(73.5) f-s(80.4) f-s(84.3) M(37.6) f-s(81.8)

Load-carryingcapability
1M(52.8)

f-s(64.3) f-s(73.5) S(91.4) S(91.6) f-s(65.0) f-s(64.3) M(51.7) M(55.3)

Durability
1M(49.9)

M(57.6) f-s(84.2) f-s(71.7) f-s(68.5) f-s(74.8) f-s(79.9) M(44.0) f-s(78.1)

Serviceability
'M(50.9)

f-s(78.7) f-s(73.8) f-s(76.5) f-s(69.3) f-s(75.4) M(49.9) f-s(68.3)

Overallerror 84.4 200.5 97.3 54.2 68.4 129.4 67.8 143.9 110.0

Note: S: safe, f-s: fairly safe, M: moderate, s-d: slightly dangerous, D: dangerous



Next, based on the above-mentioned estimation results from the BREX, the proposed J-BMS is
applied to an existing bridge, the Niji-bridge as an example, in order to demonstrate the validity of
J-BMS. The Niji-bridge is a reinforced concrete T-girder-type bridge. In this example, the expected
service life (7) ofthe target bridge has been set to 90 years for both girders and slabs. In the
proposed J-BMS, the target bridge data, such as the technical specifications and inspection data for
the Niji'-bridge main girder are first entered into the computer. Using these data, the J-BMS
evaluates the present performance of the bridge. The expected service life, as established by the J-
BMS user, is then input into the system. In this example, the expected service life (7) oftarget
bridge was set to 90 years. After that, the J-BMS estimates the present deterioration and remaining
life oftarget bridge with respect to load-carrying capability and durability. ln here, as an example,
maintenance planning for the Niji-bridge main girder is considered. Figure 3(a) shows a
deterioration prediction screen output for the main girder ofNiji-bridge span 6. The upper right
section indicates the present remaining life with respect to load-carrying capability and durability.
The lower section illustrates the graphs of the deterioration prediction curves for load-carrying
capability and durability. These outputs show that the present remaining life does not exceed the
expected service life, namely, 90 years. If the present remaining life calculated using the J-BMS
does not exceed the expected service life, the maintenance plan is generated based on the direct-cost
minimization approach. Then the J-BMS user can establish the required additional budget based on
the results provided by the direct-cost minimization. Then, by inputting various additional budgets,
this system shows a variety of maintenance plans based on bridge quality maximization and taking
into account the cost constraints, i.e., the sum ofthe minimum costs and the additional budget. The
screen indicates that service life, both in terms of load-carrying capability and durability, cannot be
fu1fi11ed unless a maintenance measure ofone kind or another is taken. Figure 3(b) shows a
maintenance plan needed to make the expected service life of 90 years possible while meeting the
requirement of cost minimization. This plan involves the attachment oftwo layers ofFRP sheet
covering or of steel plating as a remedy to be implemented early in the service life, showing
agreement with the remedies recommended by the domain experts [5]. Figure 3(c) shows a screen
that shows load-bearing-capacity- and durability-based deterioration predictions and the remaining
service lives in the case the suggested maintenance measure shown in Figure 3(b) has been taken.
The table indicates that the suggested maintenance measure will enable the bridge to fu1fi1 the
expected service life. Figure 4(b) shows a maintenance plan drawn up so that the requirement of
quality maximization is satisfied by increasing the cost under the plan of Figures 3(b) and 3(c). The

Il},o,d.ifmi-ie,d,,p,i,a,n,,ljs,?a,s.e,d,o.n,,t.h,e,gp,p,,er,,//,m.it,o,,f,c&s.t,o.f.2,O,O.U,,.(U,,as,c.al,cgi,al,e.d.u?i,n,g,.ti;g,c,o(n,v)eEiLi,on,(r,a)tp

Thus, as comparison between Figures 3(c) and 4(c) reveals, the quality index has increased from
4715(58.90/o) to 5266(65.80/o), indicating that the bridge can be maintained with a higher margin of

safety.

The conclusions of this study can be summarized as follows:

1) In order to clarify the difference between repairs and strengthening measures, It was decided to
   apply load-carrying capability and durability as the respective main indexes ofperformance for

2) The deterioration curve was used to estimate the progressive deterioration ofperformance of
   existing bridge members. By assuming functional deterioration, the proposed BMS (J-BMS) is
   able to estimate the deterioration ofthe repaired andror strengthened bridge members, and also
   to display the deterioration on a screen.

3) The proposed J-BMS was applied to an existing bridge. The authors verified that this BMS is
   able to estimate the deterioration ofbridge members and present various maintenance plans
   based on cost minimization and also quality maximization using GAs. GAs are thus a powerfu1
   tool for obtaining an optimal maintenance plan.
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Fig. 3 J-BMS output screen for main girder ofNi 'i-Bridge span 6 (Cost Minimization)
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