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CBM Based on Life-Cycle Cost Analysis Considering CO, Emission
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Abstract Condition-based maintenance (CBM) is one of preventive and predictive maintenance
(PPM)policies of which objective is to find the optima maintenance activity based on the current state and
predicted future state. Since CBM chooses an optimal maintenance based on the life-cycle cost analysisfor a
planned life span, there is a cost evauation part in the optimization part. This study proposes an
environmental sustainable CBM policy which contains environmental cost in life-cycle cost evauation
process. The environmental cost of the maintenance activities is evaluated based on the tota amount of
Carbon-dioxide emission during the production and construction process of asphat mixture. In the result
part, this study shows the comparative maintenance results between CBM and another maintenance policy.
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1. Introduction

Asause of infrastructure or a system of infrastructures increases, they begin to worsen lowering
performance and influenced by the ageing effect. Continuous maintenance is needed to prevent
deterioration of infrastructure which can imply socia disaster. Before the 1950s, infrastructure was
managed with reactive maintenance, which does not consider the target system before critical failure.
Eveniif it repaired earlier with minor abnormalities, it would not cost alot, since target system have
already done critical damage, the agency hasto spend alot of money on not only the failed part but the
near part which affected. As the expenditure has increased, minimum total life cycle cost of the target
system has become the interesting topic. As a conseguence, preventive and predictive maintenance (PPM)
has been introduced. It aims to minimize the total life cycle cost of the infrastructure system with
proactive repair actions. Among various approaches based on PPM, condition-based maintenance (CBM)
is the representative maintenance strategy.

On the other hand, construction and maintenance of infrastructures have an effect on environment.
Several studies are conducted to follow international trend such as worldwide emissions standards trying
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to reduce greenhouse gas emission. In addition, social cost of carbon is used to estimate the climate
benefits and to make a policy by many federal agencies. Although interest in environmental effect of
construction increases, however, no research about pavement maintenance considering the effect of CO2
is conducted yet. This study, therefore, models CBM considering environmental effect and compares the
analysisresult to that of TBM.

Previous Research

Some researchers have focused on minimizing life cycle cost which is not only maintenance cost but the
sum of the construction, maintenance and the destruction cost. Kong and Frangopol [1] suggested a
method for evaluating the expected life cycle maintenance cost based on a modified event tree analysis.
Liu and Frangopol [2] concerned both life cycle maintenance cost, and lifetime condition and safety level
to solve the maintenance planning of bridges as multi-objective optimization. More recently, a method for
mai ntenance optimization with two-stage bottom-up approach is developed by Yeo, Yoon, and Madanat [3,
4] It dividesinto facility-level optimization and system-level optimization which can reflect the reality
imposing the budget constraint.

Since various greenhouse gases such as CO2, CH4, and N20 is emitted during construction,
indiscriminate maintenance may bring out a harmful influence on environment. CO2 emissionsin
building construction field according to the selection of materials are studied by Andrew and Brian [5]
and Hammond and Jones [6]. In pavement field, Rgjib and John [7] conducted laboratory study on CO2
emission from asphalt the major material of pavement and Bo, Chunli, Guangkai, Wenying, and Yaowen
[8] researched evaluation system for CO2 emission of hot asphalt mixture which emit approximately 90%
of the total carbon emission in pavement construction. Many researchers concerned social cost (SC) of
CO2[9], and this estimated SC is used for decision making.

In this paper, CBM and (Time-Based Maintenance) are compared considering environmental effect and
the condition of infrastructure and the total life cost will be analyzed and compared. Environmental factor
is concerned as an SC of CO2 emitted during whole life cycle including construction, maintenance, and
destruction.

2. Methodology

Optimal Solution Method for Condition-Based M aintenance

The condition information obtained by inspection or monitoring is applied to the process of determining
the optimal solution in CBM. And it is used for predicting the future condition of an infrastructure. The
prediction information of the future condition helps to determine the highest level of efficiency of
maintenance actions and it saves alot in terms of life-cycle cost. In this research, CBM needsto find the
optimal maintenance activity for each year based on the inspection result. And the inspection and the
maintenance activities are applied every year at the beginning of the year.

The CBM optimization problem can be solved by various different methods. The dynamic programming
isone of the most widely used solution algorithms for the proposed problem, especially the stochastic
deteriorating problems. Dynamic programming for optimal activity a* and its expected cost-to-go 17#
can be formulated as the following equations (Yeo et al., 2013).
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where,

6@ i)} :repair cost for activity ain statei

€..€a) :user cost during the maintenance activity a

C,.{) :usercostin statei

A set of maintenance activities, A ={ @y, mg,#q}

S: set of system condition, S={1, ..., 10}

E.ft, /) : trangition probability from state i to j under maintenance activity a



Fig 1 illustrates a dynamic programming solution method and it has three maintenance activities and 10
states of agiven infrastructure. The CBM tries to find the optimal solution for each year based on the
expected cost-to-go from the current year t to the final year T. And the expected cost-to-go is calculated
from the condition of the facility. By repeating the process, we can get the optimal maintenance activity at
year 1 that minimizes the expected life-cycle cost, which is the expected cost-to-go from year 1to T.
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Fig. 1 Dynamic programming solution for life-cycle cost optimization under stochastic deterioration

The Social Cost of CO2 During Construction

To consider social cost of CO2 during construction, several information is needed: amount of CO2
emission per unit material of pavement, social cost of CO2, and total construction cost per same unit. One
ton of asphalt is concerned as a unit material of pavement. Bo, Chunli, Guangkai, Wenying, and Yaowen
(2015) calculated carbon emission translating other greenhouse gas to CO2 using CO2 equivalents.
Thereupon, CO2 emission is 0.03ton per one ton of asphalt. After then, calculated CO2 emission is
trandated in SC: $56 per one ton of CO2 (discount rate 2.5%avg) (Interagency Working Group on Social
Cost of Carbon, 2013). Since construction cost is various according to the site, construction cost of one
ton of asphalt is estimated as an average of 10 random sites. As aresult, construction cost is $360 per one
ton of asphalt. Ratio of construction cost and SC of CO2 is calculated about 214:1.

Simulation Comparison of TBM and CBM

For eval uating the proposed optimization algorithm and demonstrating the applicability to realistic
problems, a highway pavement section with transition probability matrix and action costs were generated.

Test System Creation

A virtual highway pavement system, which is created for the smulation, consists of a single section.
Each state of the section is represented by discrete numbers from 1 to 10, and simulations are run
stochastically based on the transition probability matrix. The planning horizon T and the interest rate were
set to 40 and 5%. It is assumed that the maintenance agency has three maintenance activities: do nothing,
repair, and reconstruction. To get the information of the transition probability matrix and cost for
maintenance activities, US Department of Transportation report (1998) is referred.

Table 1 shows the agency activity costs and the socia cost for CO,for CBM and the acceptabl e range of
the state for both CBM and TBM. Note that the pavement states lower than four are assumed to be
unacceptable by the low serviceability, which isincorporated as a constraint in optimization procedures.
For the TBM cases, it is assumed that the same maintenance activity would be conducted on the pavement
section and the maintenance cost for repair action was equally set to 100. Based on the analysis of CO,
emission, the ratio of construction cost and SC of CO, is set to 214:1 and Ecost1~Ecost3 has the result.

Table 1 Activity costs and Social cost for CO, ($1,000)

M aintenance Activity a Ecostl a Ecost2 a3 Ecost3
10 0 0 30 0.14 500 2.34
. 9 0 0 70 0.33 500 2.34
Adivity cost | o ote 8 Acceptable 0 0 110 | 051 | 500 | 234
7 0 0 150 0.71 500 2.34
6 0 0 190 0.89 500 2.34




5 0 0 230 1.07 500 2.34
4 0 0 270 1.26 500 2.34
3 0 0 310 1.45 500 2.34
2 Unacceptable 0 0 350 1.64 500 2.34
1 0 0 390 1.82 500 2.34

There are three transition matrices and they provide the probabilities of state transitions in a pavement
segment after a maintenance activity over 1-year period. The matrices shown below are the transition
probability matrices for do nothing (P1) and repair (P2). For reconstruction activity, P3 is defined as a
column vector with P3 (i, j) =1, and P3 (i, j # 1) =0.
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066 034 067 03B
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05 05 08 0
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In addition, annual inspections are performed at the beginning of the year under CBM policy, and the
cost is set to 10 for both CBM and TBM. Table 2 shows the salvage value and penalty cost for each state.
Salvage value provides the remaining value of the infrastructure system at the end of the analysis period,
so it istreated as a negative cost. The penalty cost or the user cost, €, (¢} isassumed to be incurred from
the lower condition of the pavement. The user costs derived from all these inconveniences can be
included in the penalty cost and user cost for each state is shown in the Table 2. Not to alow the state of 4,
which possesses some potential danger of failure, high value of penalty cost for TBM is set, and the
solutions with the states lower than 4 in CBM are not allowed.

Table 2 Salvage value and penalty cost for the test infrastructure system

State 10 9 8 7 6 5 4 3 2 1

SalvageValue -800 -700 -500 -200 -150 -120 -100 | -80 -50 -30

Penalty 350 800 1500
0 0 0 40 80 100 210
Cost Not Allowed in CBM

Condition Transition under TBM and CBM Policy

(a) TBM condition transition examples over planning horizon  (b) CBM condition progress examples
over planning horizon
Fig. 2 Two-examples of condition transition of TBM and CBM



This study applied the optimal solution algorithms for the test system under the TBM and CBM policy.
Theinitial state of the test system is set to state 8. The conditions of the pavement are compared for 40
year planning horizon. Since the infrastructure conditions change randomly for each time period based on
the transition probability matrices in each simulation run, different condition progress results are obtained
for each simulation run. Fig. 2 shows two examples showing the condition progress under the TBM and
CBM policy. The TBM optimization found the optimal repair interval and the reconstruction interval is
set as 5 year and 10 year in this example. In Fig. 2(a) the infrastructure conditions remain between state 6
and 8 for 35 years and are deteriorated after 35 years. The deterioration after 35 yearsis not treated as fail,
sinceitslife span is 40 years. Compared to TBM, as shown in the Fig. 2(b), the CBM keepsits state as 8
to 10 with the minor partial repair maintenance action. Since the cost for the minor repair is cheap, the
CBM has advantages.

Life-Cycle Cost Comparison

(a) Life-cycle cost distribution from TBM (b) Life-cycle cost distribution from CBM

Min 1st Qu. Median Mean 3rd Qu. Max.
TBM 213.7 279.6 546.3 822.0 1197.0 4334.0
CBM 703.9 792.3 835.6 833.0 868.6 1027.0

Fig. 3 Life-cycleresult for 40 years

Thelife-cycle costs are evaluated by running 100 simulation runs to compare the cost efficiency of the
two maintenance strategies. Fig. 3 compares the life-cycle cost distribution for TBM and CBM. TBM has
higher life-cycle cost and greater cost deviation than CBM. Asthe high life-cycle cost means less cost
efficiency, the high variation in cost indicates less reliability of the policy. To show the relationship
between the average annual cost and life-cycle costs for TBM and CBM, 300 samples were evaluated.

The average annual cost is defined as the average cost that the agency and users pay annually for 40 years.
Figure 12 compares the results under TBM and CBM: Black marks are for TBM, and grey ones are for
CBM. In TBM cases, the range of the life-cycle cost was [213.7, 4334.0], and that of the CBM was [703.9,
1027.0] which is much narrow than that of TBM. Since the mean of the life-cycle cost is similar, the
skewness and the range can be the comparison standard.

3. Conclusion

This study devel ops the CBM policy which consider the environmental effect using the CO, emission. The
cost for CO, emission is analyzed and applied. From the comparison of the simulation results of condition
transition and the life-cycle cost show that the annual inspection process of CBM helps to choose various
choices among 10 maintenance actions and this annual maintenance keeps the state of the infrastructure high
as 8to 10. In addition, from the life-cycle cost distribution of the CBM, which is similar to the normal
distribution, it is noticeable that the agency can manage the infrastructure in stable and expectable range
when it use CBM poalicy.
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