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Abstract

Port operations are highly important in the central economic and industrial regions which rely heavily on
the use of port infrastructures. An economic and efficient maintenance strategy is essential to govern the
normal running of port infrastructures and thus seaborne transportation. Many agencies worldwide have
managed to develop maintenance strategies to ensure optimal levels of serviceability and safety for port
infrastructures. However, there is not much information about how sustainable issues can be implemented
in the maintenance planning. This paper proposes a methodology for evaluating, comparing and
improving sustainability of maintenance strategies for port infrastructures. The method is developed based
on a proposed randomized structural deterioration model. The costs due to retrofitting, operating loss and
environmental loss are considered in the total life cycle cost estimation. The concept of utility function is
utilized to serve as a criterion for finding the optimal strategy among the alternative maintenance
strategies. An investigation is performed on a Tokyo wharf to demonstrate the proposed approach. The
maintenance strategies for different structural elements in the port infrastructures are discussed. The
results show that the proposed approach can provide more reliable information on the maintenance timing.
The predicted cost bounds allow owners/risk managers to understand the current condition of the structure
in several ways, which include both safe-side prediction and average prediction.
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1. Introduction

Seaport, being a linkage between land and seaborne transport, plays an essential role in facilitating global
trade and economic development. Ports handle 80% of trade and provide many strategic areas for fishing
and cruise activities all over the world (Boéro et al., 2009). Therefore, port stability needs to be fully
analyzed in the context of risk management since it has a crucial role in providing various kinds of
services. The performance of infrastructure is especially a key concern in retaining the stability of port
operations. However, a lot of port infrastructures are highly deteriorated. It was reported that the majority
of ports (60%) were built before 1955 and many significant damages have been noticed by the port
surveyors (Rosquoét et al., 2006). Structural safety is of paramount importance for the port infrastructure
during its entire lifetime. As aggressive environment conditions such as hurricane and corrosion can cause
a reduction in the port structural functionality, the timely maintenance of port infrastructure performance
is necessary to ensure the normal operation of port (Strogen, 2016).

Generally, the importance of port infrastructure maintenance can be viewed in three aspects. First,
most port infrastructures need to be utilized for a very long period of time. During the whole service time
of a port, structural deteriorations can always exist. For this reason, maintenance work is a long term job
which aims to keep the lifetime risk below a target level. Second, port infrastructures are normally built
along the coastal areas which demands frequent repair and retrofit works. As most port infrastructures are
directly exposed to a harsh environment, a fast deterioration mechanism is usually expected in the
constructed facilities. For example, the chloride-induced corrosion is a primary cause of most reinforced
concrete structures in onshore marine environment (Zhang, 2015a). There is a need for effective and
economic maintenance planning for these fast deteriorated structures. Third, the consequences associated
with port infrastructure failure due to insufficient maintenance can be enormous which may bring adverse
impacts on the society. It should be realized that a disruption at ports is not only a loss on the ports, but
also a possible stoppage of the whole supply chain (Zhang and Lam, 2016). In other words, the condition
of infrastructural performance affects the efficiency of port operations and associated sectors. It is

therefore essential to provide accurate consideration during the initial design of the port infrastructures, as



well as to conduct appropriate maintenance since their services start.

In general, many studies have been conducted on infrastructure maintenance planning and strategy
development. Most of these former works focus on the minimization of structural risks due to constrained
maintenance budget (Frangopol and Soliman, 2016; Khan and Tee, 2016). To arrive at an appropriate
solution, the economic evaluation is usually integrated with structural performance measures such as
reliability, redundancy and risks (Zabalza Bribian et al., 2009; Tee et al., 2014). However, very little work
can be found in maintenance strategies specifically focusing on sustainable development. Recent studies
show that ports can be a contributor to global anthropogenic emissions (Lam and Lai, 2015; Khan and
Tee, 2015). Ports face many increasing challenges from social, economic and environmental factors which
create significant impacts on port performance and management (Zhang and Lam, 2015a;b). Furthermore,
environmental considerations have raised many regulatory control and social responsibility that port
planners and operators have to fulfill (Chau et al., 2015). Attaining the economic performance alone is no
longer sufficient for the long term maintenance development. However, there is very little research
addressing the sustainable issues in infrastructure planning and development. Literature in sustainable
maintenance strategies for port infrastructures is even more limited, or almost non-existent.

When assessing the safety of an existing port infrastructure, the uncertainties associated with the
structural deterioration process are quite troublesome. The Markov chain model is a widely applied
technique in the performance assessment for deteriorating structures (Straub and Faber, 2005). It has such
a feature that the structural deterioration process can be characterized by the transition probabilities from
one condition state to another. In this respect, many engineering industries tend to implement this
technology in their maintenance management, for example geotechnical analysis (Bommer et al., 2010),
wind engineering (Sorensen, 2009), bridge engineering (Frangopol et al. 2008) and coastal management
(Yang et al., 2013). However, the Markov chain model requires a large amount of inspected data to
formulate its transition probability matrix. If only limited amount of data is provided, the obtained Markov
chain model could generate large errors in the structural condition predictions. Moreover, the probability

transition matrix in the Markov chain model can hardly be modeled as deterministic as most deterioration



process is stochastic. The use of single transition probability matrix in Markov chain model might not be
accurate and misleading. This study aims to develop a reliable structural deterioration model that can
predict the long term performance of port infrastructures. This is achieved by formulating a randomized
Markov chain model and its associated simulation approach for characterizing the port infrastructure
deterioration process. A theoretical and empirical study is conducted to illustrate and validate the proposed
approach.

The paper is organized as follows. After the introduction, Section 2 will provide an overview of
the existing research works and techniques regarding port maintenance. Section 3 then presents the
framework about how sustainability is incorporated in the port infrastructure maintenance planning. The
steps of conducting the structural inspections and measurement are introduced in Section 4. A randomized
Markov chain model in characterizing the structural deterioration mechanism for the port structural
elements is elaborated in Section 5. The model includes the random variability of the deterioration process
and environmental conditions. Sections 6 and 7 detail the cost evaluation methods and decision making
criteria for the port infrastructure maintenance strategies. Section 8 presents the results with the
demonstration of a case study as example. The comparison of different maintenance scenarios is also

discussed. Finally, Section 9 provides the concluding remarks of this study.

2. Literature review

Research on port maintenance is generally rather limited. Some have incorporated port maintenance as
one of the factors for considerations in their study especially in the area of terminal operation
optimization, for example, Hess and Hess (2010) and Ee et al. (2014). Among others, structural
engineering and maintenance is one of the key research focuses. Tsinker (2004) provided a comprehensive
discussion on deterioration of waterfront structure due to both external natural environment and human
activities. It has also included a detailed guideline on the procedures of maintaining such structures.
Boero et al. (2012) provided a reliability analysis for steel sheet-pile seawalls as preliminary requirements
on maintenance optimisation. A stochastic (spatial-temporal) model of steel corrosion was proposed in the
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time-dependent reliability analysis of corroded harbour structures. Sulaiman et al. (2011) studied
maintenance requirement of navigational channel under the impact of increasing ship size. It presented the
result of the application of best practice simplified method for channel maintenance against vessel design
and reception requirement using Port of Tanjung Pelepas as the case study. In recent years, more attention
has been paid to the issue of dredging. Mitchell et al. (2013) proposed mathematical integer programming
models and heuristic solution algorithms for selection of suitable dredging projects to be awarded with US
annual harbour maintenance fund. Scheffler et al. (2014) studied the dredged material management in the
port of Liibeck, Germany. By employing a modified computer-aided stochastic multi-criteria acceptability
analysis (SMAA)-TRI method, their study identified suitable dredging options for the port of Liibeck.

Besides structural engineering and maintenance, some researchers have dedicated their efforts to
the study of port maintenance funding especially in the context of the US. Talley (2007) addressed the
issue of financing port dredging cost by taxes or user fees. McIntosh and Skalberg (2010) conducted a
statistical analysis on the US harbour maintenance tax rates and replacement user fees in order to gain
understanding as to which variables have a strong statistical relationship with maintenance costs and
ascertain how they are related quantitatively. More recently, Frittelli (2013) discussed the usage of harbour
maintenance trust fund (HMTF) in the US. Several key policy questions have been raised in relation to
this area such as the extent to which HMTF be used for improvements that do not benefit commercial
shipping and extension of covering scope of HMTF. Simkins and Stewart (2015) also focused on funding
for harbour maintenance in the US, and they developed three port financing indicators based on a real
value of cargo and illustrated their calculations using the U.S. Port of Duluth-Superior as a case study.
Mclntosh et al. (2015) further extended the study in which they suggested the current Harbor Maintenance
Tax as being not appropriate enough and evaluated three other maintenance payment alternatives.

Another research interest related to port maintenance is the study of environmental management
of port structures. Walker et al. (2015) discussed the implications of divestiture on environmental
management of port and harbour operations. They proposed that policies to implement education and

training and adhering to established management protocols are essential for effective management of



associated environmental liabilities (Zhang, 2015b). In Fettweis et al. (2011), the impact of disposal of
fine sediments from maintenance dredging works on the suspended particulate matter concentration in a
shallow nearshore turbidity maximum was investigated. The paper showed that suspended particulate
matter (SPM) concentration can be used as an indicator for environmental changes. Sarma (2015) also
studied the siltation problems faced by the shoreline harbors along east coast of India by estimating
empirically the sediment transport rates using maintenance dredging records.

To summarize the literature review, very few of these studies provided a comprehensive way to
assess the port infrastructure maintenance problem from the sustainable point of view. With the aim of
advancing the field of sustainable engineering development, there is a strong need for establishing a
detailed framework to highlight all steps that is needed in the maintenance planning. It is found that little
attention has been devoted to the research on modeling of deterioration process for port infrastructures.

Much more efforts are demanded to further understand this research topic.

3. Framework of developing sustainable maintenance strategies for port infrastructures

In order to derive optimal sustainable maintenance strategies for port infrastructures, it is important to
know how sustainable issues can be incorporated in the structural maintenance planning. Normally, the
structural maintenance planning is based on a complete structural performance assessment with a full
evaluation of all the economic costs. A rational and efficient maintenance procedure needs to be developed
based on the life-cycle management concept (Ortiz et al., 2009; Tsai and Chang, 2012). Referring to the
fundamental knowledge of life-cycle management (PIANC, 1998), the framework of developing

sustainable maintenance strategies for port infrastructures is proposed herein.
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The whole framework can be divided into the following four stages which include both engineering

analysis and economic evaluation in the assessment:

1. Standardized inspection of current status of the infrastructures;

2. Estimate remaining service life and predict future performance of the deteriorated structures and

components;

3. Analytically quantify the cost in the maintenance works including economic, environmental and

societal considerations;

4. Assess the maintenance strategies and find the optimal solution based on the target factor.

Figure 1 illustrates the flow of the whole maintenance planning process. The present work aims to
investigate the maintenance actions associated with port infrastructures; however, the framework can be

utilized in other structural maintenance management which also needs to consider sustainable issues.

4. Inspection and measurement

The initial step in the maintenance planning is to monitor all the port infrastructure elements. In the first
step of the framework, the performance of the port infrastructure elements including current health
condition, initial condition and service time are necessarily identified. The information of initial and
current health conditions could provide the extent of deterioration occurred in the structural elements.
Following the deterioration theorem, the physical deterioration model for the structural elements can be
derived based on the information of service time.

Most of the time, the inspection results are recorded as conditional ratings for the structural
elements. Many technical standards and commentaries for the inspection procedures of port infrastructures
have already been provided (Kong et al., 2013). The most widely accepted rating assessment is developed
from the classical reliability concept. Each structural element’s reliability is evaluated based on the

inspected site data. Then by comparing the derived reliability with the reference value, the results can be



further mapped onto a scale of certain grades. Thus, the condition of the structural elements can be simply
represented by a characteristic grade.

Moreover, for convenience, the grading is usually converted to a structural health index (SHI) for
guiding the maintenance management. For example, if four grades are used to evaluate the structural

elements, the following equation is a typical calculation of this indicator (Zhang et al., 2016)
SHI =1.0xG, +0.75xG. +0.50x G, +0.25x G, (1)

where G4, G, G, and G, are the percentages of the structural elements having health conditions from
Grade d (“Very good”) to a (“Very bad”), respectively. Here, the values of coefficients multiplied with all
the grades are chosen arbitrarily. It can be modified according to personal preferences or grading
importance.

Depending on SHI values, the maintenance actions can be scheduled according to the health
condition of the infrastructure. Once the SHI value reduces to a value lower than the required level,
maintenance actions would be required to recover the structural strength. After maintenance, another cycle

of deterioration will start. A typical example of this process can be illustrated in Fig. 2.
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However, the SHI based maintenance strategy is too simple which could only provide limited



information. The deterioration process could not be realized by the SHI curve and thus the future
performance of the structure cannot be predicted. A method that is capable to perform structural

deterioration analysis is demanded in the next stage of the maintenance planning.

5. A randomized Markov chain deterioration model

The best way to determine and improve the prediction of future performance of deteriorated structure is
through a simulation study. Markov chain model is proved to be an efficient and widely applied
simulation approach for various engineering deteriorating structures in the literature (Saydam and
Frangopol, 2015; Fang et al. 2016). In a Markov chain model, the structural deterioration process is
considered as structural state changes over discrete time intervals. The transition from one state to the
other is treated as random which is characterized by a probability. Such transition probabilities are
assembled into one matrix, namely transition probability matrix [P]. Based on this transition probability

matrix, the structural condition {S;} at time ¢ can be developed from that at time #-1 as follows

{s.}=[Ps} @

where S,.; and S; represents the structural condition vector at time ¢-/ and ¢ which can be described by a
vector including all the grading for structural health condition. For example, if four grades as mentioned

in Eq. (1) are used to assess the structure, the condition vector should be expressed as
{St}={Gd’Gc’Gb’Ga}T'

Normally, port infrastructure inspection is conducted every one to five years. It is common to
believe that the structure will not deteriorate too much between two consecutive inspections. For this
reason, the Markov chain based deterioration model will not consider the case that structure deteriorates
two grades between two consecutive inspections. Under this assumption, the transition probability matrix
become a matrix having all the elements of zero except for the on-diagonal elements and the elements

below them. A typical example of the transition matrix can be presented as the following
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G, ()] -2, 0 0 0] [G,(t-1)
G.()|=| B, 1-B, 0 0| |G(-1) G)
G| | o B 1-B, 0| |G,(i-1)
G0 [ o o B 1] |G-

where P,., P. and P,, indicate the transition probability of changes for structural conditions G,—G.,
G.— G, and G,—G,, respectively.
Therefore, Eq. (3) can be used to estimate the life cycle performance of port infrastructures. For

example, the initial health condition of a newly built structure can be formulated as {SO} = [1, 0,0, O]T.

Then the health condition of the infrastructure after # time interval of operation can be predicted as
{s)-[PT{s.} @

Once the current health condition {St} is estimated, the maintenance management can be conducted

based on the comparison of {S t} with a target reference level.

Unfortunately, the transition probabilities are usually unknown in real practice. The transition

probability matrix has to be determined from a reverse calculation based on accumulated inspection data.

T
Assuming there is a dataset containing several inspections {St} = [Gf,, GC',,G;),Gf,] of an existing

Inspection

infrastructure at different discrete times #=1,...,i, the transition probability matrix can be estimated by

This can be done by minimizing

comparing it with the theoretical structural condition vector {St }Pre dicted

the following equation

2 2
. t ¢
®= arg min I:{Sf }Inspeclion - {St }Predicted ] - z : [Gl JInspection G_i ,Predicted ] ®)
t=2,.4.,i I=Z ..... i jad

where O = {f;c, P, BW} denotes the set of transition probabilities which needs to be determined. Once

the transition probability matrix is confirmed, the structural condition at any given time can be calculated

by using the initial state condition, e.g. {S ] }Predicted = [ P]’ {SO}.
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In the minimization process in Eq. (5), all the transition probabilities in the Markov chain model
are considered to be deterministic. In fact, port infrastructural deterioration process is never homogeneous.
In other words, the structural deterioration rate is time varying and can change a lot during the whole life
service time of the infrastructure. The determined transition probabilities in Eq. (5) are only an averaged
value for the entire observed time. When predicting the health condition of port infrastructures, the
uncertainties in the deterioration process must be considered. To deal with this issue, a Markov chain
model using random transition probabilities is proposed in this work. Instead of utilizing only the mean,
the randomness of the transition probabilities is brought into consideration in this novel approach. That is,
all the transition probabilities will be modeled as random variables. A stochastic term will be added to the
mean values of transition probabilities to represent the probabilistic nature. Therefore, the transition

probability matrix is refined to a random matrix containing several variables as the following

{8, (7] {8}

G,(t)] [1-P.-¢, 0 0 0] [G,(t-1)
Gc (t) = ch &€ I_Pcb —&y 0 0 Gc (t _1) (6)
Gb(t) 0 F,+e, 1-F,-¢, 0 Gb(t_l)
G, (1) 0 0 Byte, 1] |G(i-1)

where ¢4, €. and &, are random terms associated with the transition probabilities. Normally, stochastic
characters of these noisy terms have to be determined from inspection data. From experiences, the
determined transition probabilities are usually having a variation that has a coefficient of variation around
10~20% (Zhang et al., 2016).

Therefore, the steps of developing a Markov chain model with random transition probabilities can
be given as follows. First of all, for each inspected data, the transition probability matrix is estimated
based on Eq. (5) in a conventional manner. Then a group of estimated transition probability matrixes can
be assembled. Secondly, probabilistic analysis is applied to the estimated transition probabilities and the
most appropriate statistical models are identified. Finally, with the developed random transition
probabilities, Monte Carlo simulations can be conducted to simulate various possible Markov chain based

deterioration processes for the inspected infrastructure. The port infrastructural performance would thus be
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predicted based on these simulated results.

6. Life cycle cost estimations

The deterioration model provides the necessary information for the time of performing the maintenance
works. If these maintenance actions can be expressed in monetary terms then an optimal planning or
decision will be the one that minimizes the life cycle cost of the investigated port infrastructure. Generally,
the overall cost resulted from maintenance activities can be classified into three categories, namely, costs

due to retrofitting, operating loss and environmental loss.

6.1 Cost due to retrofitting

The retrofit cost is the direct cost incurred by the maintenance works. It depends on the type and methods
of repairs applied on the infrastructures. For concrete structures, the most commonly adopted maintenance
strategies are cross section restoration and surface coating. Both strategies include expenses of repair
materials and labour charges (Stephan et al., 2013). In cross section restoration, the concrete grouting is
usually employed. The cost of this maintenance scenario can be estimated based on the volume of used

concrete. This is given in the following equation

C

retrofit

= Cpour AL +C Ad (7)

concrete
where 0 18 the average labour cost per hour (e.g. US$/hour), concrere 1 the cost of concrete used for
repair in unit of US$/m’, At is the total time of repair in hours, 4 (in mz) and d (in m) are the area and
thickness of restored concrete sections.

However, there are some minor differences in calculating the surface coating cost. Compared
with cross section restoration, surface coating uses epoxy spray instead of mortar grouting. A slight change

should be made to the above equation for calculating the material cost. This is given as below

C

retrofit

= ClabourAt +C

coating

Abeam ’ (8)

where coaing denotes the cost of surface coating per unit area (e.g. US$/m?) and Apeqn represents the total

area of beam surface coating. Thus, the material cost is solely depending on the repaired area. The labour
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cost and the time of repair have an inverse dependent relationship. For example, if more people are
working in the maintenance (e.g. higher o), the total time of retrofit can be reduced (e.g. lower Af).
The cost depends on the man power, economic budget, and the techniques of repair, among other factors.
Additionally, it should be noted that the labour cost also represent the cost of transporting the repair
material, removing the corroded areas and applying new paint. The direct cost includes all the expenses

for conducting the maintenance works.

6.2 Cost due to operating loss

In the case of repairing the infrastructural elements, maintenance activities are implemented on the berths
of the port. These require control for the ships in the harbor. Depending on many factors, such as daily
arrival rate of ships, average cargo value and loading/unloading speed, different control procedures will
lead to completely different port disturbance and economic loss. In this study, for the port under
maintenance, it is assumed the control procedure will cause the stoppage of berth service. Therefore, there
would be an operating loss to the port for not using the berth areas which undergo repair. This can be
estimated on the basis of the income of berths. An equation can be formulated as

—c iAz, 9)

operation port
14Total

where ¢, stands for the income of the port per unit time (e.g. US$/day), 4 and 4, denote the repaired
berth area and the total area of the port, A7 denotes the total maintenance time in days. The cost is only to
account for the direct operating loss of the port caused by berth stoppage. The indirect loss, such as delay
of transportation, is not included in the calculation. The length of maintenance time is depending on
various factors including structural types, deterioration extent, repair technology, efficiency of
construction management and so on. Normally, it will not take too long in order to guarantee the flow of
seaborne transport. For structures having minor damages, the maintenance time is usually less than two

weeks. For severe damaged structures, the maintenance time can be longer depending on the situation.
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6.3 Cost due to environmental loss

One of the main purposes of this study is to take into account of sustainability concerns in the
maintenance strategies for port infrastructures. As defined by World Commission on Environment and
Development (1987), sustainable development should meet the needs of the present without
compromising the ability of future generations to meet their own needs (Cuellar-Franca and Azapagic,
2012; Chou and Yeh, 2015; Atmaca and Atmaca, 2016). Therefore, a key issue in sustainable development
is to provide a balance between the economy and the environment. A procedure which computes the
maintenance induced environmental loss is therefore included in this study.

When using concrete as retrofit materials, one has to note that concrete is one of the largest and
most visible components in construction waste. For sustainable considerations, it is necessary to include
waste generation in the evaluation of the total maintenance cost. However, to compute the waste
generated during the whole concrete production process is very difficult, and thus, this study would only
calculate the waste produced during the repair operations. An economic loss due tothe generated waste

during the repairs of concrete can be calculated by

Cwaste = cwasterwastepcl/c 4 ( 1 0)

where Cu. 18 the cost of the waste in unit of USS$/t, 7,4 1s the volume of generated waste for producing
Im® of concrete, p. and V, are the density and volume of used concrete in the unit of t/m’ and m’.
Normally, the generated waste is came from the concrete spraying and grouting. The amount of concrete is
calculated based on the total area of repaired concrete surface.

Another concern in the production of concrete is carbon dioxide emissions. The production of
cement results in 7% of the global emission of CO, into the atmosphere (IPCC, 2007). The emission of
CO; is one of the major causes of climate change which should not be ignored. Compared with other
generated waste, the emission of CO; is much more serious. Therefore, the assessment of the total carbon
dioxide emission is a crucial part in sustainable development. To compute this specific environment loss,

the following equation is provided
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Ceo, =Cco,Pc0,EcoV.> (11)
where c¢p, is the cost of the environmental metric (e.g. US$/t of carbon dioxide), pco, is the density of
carbon dioxide in the unit of t/m’, Ecp, 1s the amount of carbon dioxide released by producing 1m® of
concrete and V, is the volume of used concrete for repair in the unit of m’. In this study, only the emission
of CO, during the production of repair materials is considered. However, it should be noticed that CO;
emissions can also be produced during the transportation of materials, equipment and waste. Compared
with the CO, released during production of concrete, this amount of emissions is quite small and thus
ignored in the current study.

The total environment loss include both Cyyqs¢e and Cep,. The cost is computed based on the
repair method of cross section restoration by mortar. In other words, the cost of the total environment loss
is estimated in terms of the total concrete used in repairs. If other maintenance strategies, such as surface
coating, are utilized, the cost regarding waste generation and CO; emissions can be neglected. Meanwhile,
it should be realized that the rate of resulting in environment loss per unit of concrete (c¢p,) is different in
different locations depending on the local concrete manufacturing techniques. For example, the production
of CO; can range from 0.65 kg to 0.92 kg per kg of cement across several countries (IEA, 2007). The
environment protection technology plays a key role in the cost of environmental loss.

Therefore, the total cost of a maintenance action can be estimated as a summation of Ciepofirs
Copemnon, Chase and Cco2:

c=C

retrofit + Coperation + Cwaste + CCOZ : (12)
Moreover, maintenance cost of port infrastructures during the whole service life has to be
subjected to a discount rate of money at the application time ¢. Therefore, the present value of the kth

maintenance action cost at time ¢ is estimated as

— Cretrqﬂt + Coperation + Cwaste + CCOZ (13)

CPVk t t t t?>
’ (1+r) (1+r) (1+r) (1+r)

where Cpyy is the present value of the kth maintenance action at time ¢, » is the discount rate of currency.
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The discount rate is usually determined by the annual changing rate of producer price index (PPI) and
social discount rate. Based on the model proposed by Cady (1983), the discount rate 7; for a particular year

can be expressed as

r=i (14)
1+ f,

where f; is the annual changing rate of PPI, i,; is the social discount rate. To evaluate the total cost of a
single maintenance, the discount rate has to be estimated from the economic condition of the country
where the port belongs to. The time varying effects should also be considered when estimating the social
discount rate and annual changing rate of PPI.

7. Decision making based on utility function

The final challenge in the port infrastructure maintenance planning development is to find out the best
strategy among all the optional maintenance strategies. To achieve an optimal maintenance strategy, a
consistent criterion for measuring the benefit of a maintenance program should be established. The
formulation of a utility function can be employed to provide the decision maker the information of the
relative value for different maintenance strategies. The maintenance strategy that has a high utility value
corresponding to relatively small maintenance cost is generally preferred to those with small utility values
(Dong et al., 2015). Giving the risk attitude of the decision maker and the maximum budget, a utility
function associated with the maintenance cost can be formulated. The value of utility function for a given
maintenance cost can be computed as (Ang and Tang, 1984)

C -c
uc=; 1-exp ) et " (15)
l—exp(—ﬂ)

budget

where Cpgger 1 the maximum budget that the port manager can afford, 4 is the risk attitude of the decision
maker (i.e. 2>0 indicates risk-averse, A=0 indicates risk-neutral, A<0 indicates risk-taking), and ¢ denotes
the total expected maintenance cost. The value specification of 1 must be accurate and should reflect the
risk behavior of humans. A more detailed procedures in finding this value can be found in Hillson and

Murray-Webster (2007). The expected maintenance cost should not be larger than the maximum budget
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and therefore the utility function can always take values between 0 and 1. Based on Eq.(15), the optimal
solution can be derived from the comparison of utility values for all the choices of maintenance plans. For
example, for the same decision maker, a maintenance plan with lower cost will always yield a higher
utility than that produced from a higher cost maintenance plan.

8. Case study — Tokyo port

To demonstrate the proposed framework, the port infrastructure of Tokyo is assessed for its long term
maintenance planning in the following investigation. The selected infrastructure is an open-type wharf
lying in the Tokyo bay. It was built in 1977 and began its service in 1979. The wharf is designed for a
water depth of 12 meters with the main purpose of automobile export. The total length is about 300 meters
which aims to provide service to vessel with the size up to 35000 DWT. Main components in all the berths
are concrete beams and concrete slabs as shown in Fig. 3. More detailed information regarding the port

infrastructure elements can be found from MLITT (2011).

/ Concrete slabs

N | | | N

Figure 3. Structural components in a wharf

8.1 General information and inspection data

The wharf is initially designed for a service life of 50 years (until year 2029). However, its service time
was later decided to be extended so as to sustain smooth port operation. Therefore, the port infrastructure
management conducted several inspections on the deteriorated structures around year 2001. For slabs, the

inspections are conducted in the years 1999, 2001 and 2004. For beams, the inspections are conducted in
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the years 1999, 2001, 2004, 2006 and 2007. The quality of each elements and the overall grading were all

recorded during these inspections. Since all the structural materials are concrete, the port management has

established the same guideline for structural grading. As the easiest way to inspect the port infrastructure

is visual inspections, the criteria in the grading are also set accordingly. For the concrete slabs, the total

cracking area is employed as a measure of the structural damages. For concrete beams, the cracking width

along the reinforcement is used as an indicator of damages. Both structural elements are graded into four

grades from Grade a (“Highly deteriorated”) to Grade d (“No deterioration”). Thus, the initial condition of

all the structural elements is graded as “d”. If any cracks are noticed, the structure will be degraded. These

are explained in Table 1.

Table 1. Basic information for deterioration grading

Grade

Criteria

Basic policy

Comments

a

Slab:
Map cracking (over 50%)
Spalling off of concrete cover
Heavy rust stain

Beam:
Crack along reinforcement with
width of larger than 3mm
Spalling off of concrete cover
Heavy rust stain

Performance of
component is
seriously degraded

Slab:
Map cracking (less than 50%)
Much rust stain

Beam:
Crack along reinforcement with
width of less than 3mm
Much rust stain

Performance of
component is
degraded

Slab:
One directional crack or gel
extraction
Partially extended rust stain
Beam:
Vertical crack to longitudinal
direction
Partially extended rust stain

Performance of
component is
slightly degraded

Short term unavailability of the service
caused by partial repair is allowed. Long
term unavailability of the service caused
by the countermeasures or renewal
would interfere port operation.

Nothing observed

Performance of
component is not
degraded

Any deterioration is not allowed, which
largely influences safety. Long term
unavailability of the service caused by
countermeasures or renewal would
interfere port operation.
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Based on these categorizations, the historical inspection data can be graded. The recorded data in



this study includes the inspections for all the concrete slabs and concrete beams in the wharf. The data are
recorded for each block area in the wharf respectively. Therefore, the grades are also given to each block
area instead of all the structural elements. A typical inspection result of concrete slabs in the year 2001 is
illustrated in Fig. 4. From the figure, it can be recognized that most parts of the wharf have been

downgraded to Grade ¢ except some parts experienced highly deteriorations to Grade b or a.
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Figure 4. Inspected results of deteriorating grades for the concrete slabs in 2001

Meanwhile, the port management has also provided the maintenance limit for the concrete
structural elements. As shown in Table 2, both concrete slabs and concrete beams have the same
maintenance limit (Grade c). However, the repair methods are different between concrete slabs and
concrete beams. The cross section restoration is the major repair strategy for concrete slabs while surface
coating is the dominant repair method for concrete beams. The differences in the maintenance guidelines
will lead to different economic estimations. This information will be further utilized in the cost
estimations.

Table 2. Maintenance timing and strategy for concrete component

Component Maintenance limit Repair policy Repair methods

Slab Grade ¢ Removal of deteriorated parts Cross section restoration by
Suppression of corrosion progress mortar:
Improvement of load bearing capacity | concrete grouting; concrete

spraying
Beam and Grade ¢ Suppression of corrosion factors Surface coating
bottom deck Removal of deteriorated parts
82 Deterioration and maintenance analysis

Following the procedure in Section 5, the inspection data is assembled to estimate the transition
probabilities. The inspected data forms the observed structural condition vector {S¢}inspection- The
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theoretical estimate of the structural condition vector {S;}prediction 1S calculated based on Eq. (4). The
transition probabilities are determined based on the minimization provided in Eq. (5). Here, the transition
probability matrix in the Markov chain model represents the likelihood of structural health condition
changes during one year. In other words, the transition probabilities describe the structural health
condition changes between two consecutive years. Since concrete slabs and concrete beams suffer from
different extent of deterioration, two separate Markov chain models are used to model their deterioration
processes. The histograms of the computed transition probabilities are depicted in Figs. 5 and 6. From
these figures, a large difference in the transition probabilities between different grades can be observed.
The estimated transition probabilities for both slabs and beams show that P, is larger than P, and P, is
larger than P,,. This indicates an increase in deterioration rate of the infrastructure during its whole
deterioration process. In other words, this implies that the infrastructural deterioration process is very fast
at the beginning but gradually becomes slow when infrastructure is highly deteriorated. Another
observation is that the variance of the transition probability increases from P, to Pp,. This reveals a fact
that the uncertainties associated with the transition probabilities in Markov chain model tend to increase
when deterioration time is increasing.

To further model the random properties of transition probabilities, Beta distribution is applied to
fit the estimated values in this study. As discussed in Section 5, the values of transition probabilities are
bounded by 0 and 1, therefore, Beta distribution is considered as a proper choice for fitting the transition
probabilities. The probability density function of Beta distribution is given as

f(x|0{,/9’)=wxa_l(l—x)ﬂ_l for x€(0,1) (16)

where B(.) is the beta function, a and S are the shape parameters of the Beta distribution. The fittings to

the estimated transition probabilities are illustrated in Figs. 5 and 6.
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Therefore, by utilizing the fitted distribution models, Monte Carlo simulations can be conducted
to simulate the deterioration processes for both concrete slabs and concrete beams. In order to present the
structural deteriorations in a comprehensive way, the structural health index (SHI) is utilized. Equation (1)
is employed herein to calculate the SHI. A number of 1000 simulations are performed to simulate a period
of 30 years for both the concrete slabs and concrete beams. These simulated results are plotted in Fig. 7.
As expected, all the simulated SHI values undergo a similar trend over the time. However, the SHI values
drop faster in concrete beams compared to concrete slabs which imply a higher deterioration rate in
concrete beams. Meanwhile, it can also be observed that the variance of simulated SHI values becomes
larger when time increases. Both concrete slabs and concrete beams show the same phenomenon. The
reason is because of the chain effect which could amplify the deterioration model uncertainties in the long
term. Thus, the randomness of the structural long term health condition is very large. This also explains

why frequent maintenance actions are needed for highly deteriorated structures.
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Figure 7. Simulated 1000 deterioration processes for inspected concrete slabs and beams (each line
represents a simulated deterioration process)
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Figure 8. Comparison of simulated deteriorating SHI values with inspection data for (a) concrete slabs and
(b) concrete beams (shaded area represents the central 95% interval from 1000 simulated data)

However, knowing the deterioration pattern is never enough for maintenance management. From

the practical point of view, the uncertainty quantification of the deterioration process would be more

meaningful. Realizing this, the central 95% interval of the simulated data in each year is utilized for

reference. This creates an upper bound and a lower bound for the estimates as shown in Fig. 8. In order to

show the accuracy of the proposed approach, the original inspected data for concrete slabs and concrete

beams are also plotted in the figure. It can be observed that, the inspected data closely lies around the



simulated data. The differences between the inspection and simulated bounds are quite minimal. This has
validated the applicability of the proposed randomized Markov chain model.

The derived deterioration model can provide an estimate for maintenance actions. As required by
the port, the maintenance limit of concrete slabs/concrete beams is Grade c¢. Therefore, the timing for
starting the maintenance actions can be estimated from the simulations. For instance, in this case, the
maintenance action should start at the time when SHI values drop to 0.75. The statistics of the estimated
results are recorded in Table 3. Based on the massive simulations, the bounds for the number of years with
a maintenance action can be simply evaluated. For concrete slab, it has a prediction of the cyclic
maintenance time of about 9.8 years to 10.9 years which is slightly larger than concrete beams whose
cyclic maintenance time is around 9.3 years to 10.2 years. This agrees well with the observation in the
deterioration simulation which shows that concrete beams deteriorate faster and, therefore, demand more
frequent maintenance works. A comparison between the proposed approach and the traditional Markov
chain model is also provided in Table 3. The prediction of the time when SHI value drops to 0.75 is also
calculated in the traditional way. That is, the values are based on Monte Carlo simulations from a standard
Markov model, which does not consider any randomness associated with the transition probabilities. It can
be seen from the results that the estimated time range becomes much narrower compared to the proposed
approach. The standard deviation also becomes smaller indicating smaller variations associated with the
results. The other statistics including skewness and kurtosis are quite close to the developed approach.
Generally speaking, the predictions from the traditional Markov model are much less uncertain. Therefore,
we could see the amount of uncertainties that has been ignored in the traditional Markov model is quite
large. If the traditional Markov model is utilized for this study, the estimated results will not be reliable as

uncertainties associated with transition probabilities are not fully captured.
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Table 3 Estimated times for conducting maintenance actions

SHI Predicted time range Mean S.D. Skewness | Kurtosis
values
with random transition probabilities
(i1) Slab Grade ¢ 0.75 9.8 yrs ~ 10.4 yrs 9.9 yrs 0.29 0.20 0.18
(iii) Beam Grade ¢ 0.75 9.3 yrs ~ 10.2 yrs 9.8 yrs 0.41 0.10 0.11
Without random transition probabilities
(i1) Slab Grade ¢ 0.75 9.9 yrs~10.2 yrs 10 yrs 0.15 0.21 0.25
(iii) Beam Grade ¢ 0.75 9.6 yrs~ 9.9 yrs 9.8 yrs 0.23 0.14 0.13
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Figure 9. History profile of port infrastructural conditions under maintenance actions for (a) concrete slabs and
(b) concrete beams

Using the estimated maintenance timing, the life cycle profile of port infrastructures can be

depicted. Figure 9 illustrates the life cycle profile for both the concrete slabs and concrete beams with

100-year service life. The repeated cycles of maintenance actions (structural health recovery) and

deteriorations (structural health reduction) are represented by the SHI value changes. Here, both the upper

bound and lower bound of the estimated maintenance timing are used in the profile. These create two

paths of SHI values in the profile. The real profile should lie in between these two curves. It shows from
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Fig. 9 that the upper bound and lower bound curves become very different when service time increases.
For both concrete beams and slabs in the first 100 years of service time, the lower bound has one more
cycle than the upper bound. This uncertainty in the number of maintenance works needed for the port

infrastructure is well presented in the current model.

8.3 Cost estimations

According to the proposed method in Section 6, the estimation of the cost associated with the port
infrastructure maintenance can be performed. To be realistic, this study utilized the real data collected
from the Tokyo port. The average labour cost is estimated from the contractor company for a port that is
similar to Tokyo (Castalia, 2012). The cost of concrete and surface coating is obtained from the concrete
institutes (JCI, 2016). The average daily revenue is estimated by dividing the total annual revenue of the
wharf over 365 days based on the Tokyo port annual report (TPTC, 2013). The environmental metric of
CO; is directly obtained from the IPCC report (IPCC, 2007). For the total area of the port, slabs and
beams, the information is collected from the port maintenance guidelines (MLITT, 2011). The waste
generation and emission of carbon dioxide for using 1 m® of concrete are found from the literature
(Bastidas-Arteaga and Schoefs, 2015). In calculating the discount rate, the information of social discount
rate and annual changing rate of PPI in Japan are collected from the government annual report (Ministry
of Foreign Affairs, 2016; Bank of Japan, 2016). According to the recent statistics (2008-2015), Japan’s
social discount rate is 2%~5% and annual changing rate of PPI is between 1% and 4 %. Therefore, a range
of 1%~4% is a rational prediction of the discount rate ». Here, for the maintenance planning, a step

function is adopted for the discount rate. This is given as below

1%  for0-20 years
2% for20-40 years

r= . (17)
3% for40-60 years

4% for 60 —80 years

More detailed information is provided in Table 4.
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Table 4. Parameters to compute the overall cost of port maintenance actions.

Parameter Values

Average labour cost ¢, (Castalia, 2012) 135 US$/day per person
Cost of concrete ¢ooncrere (JCI, 2016) 120 US$/m’
Cost of surface coating ¢ oauing (JCI, 2016) 35 US$/m*
Revenue of the port ¢, (TPTC, 2013) 413700 US$/day
Cost of the waste ¢,y (Bastidas-Arteaga and Schoefs, 2015) 30 USS$/t

Cost of the environmental metric cco, (IPCC, 2007) 26 USS$/t

Total time of repairs Az 15 days

Area of restored concrete sections 4 (MLITT, 2011) 104926 m’
Thickness of restored concrete sections d (MLITT, 2011) 0.15m

Area of beam surface 4peq, (MLITT, 2011) 39347 m*

Total arca of the ports 4, (MLITT, 2011) 945700 m”

Volume of generated waste 7,45, per 1 m’ of concrete (Bastidas-Arteaga and | 1.3 m’
Schoefs, 2015)
Density of carbon dioxide pco; 1.977% 10° tm’
Density of used concrete p,. 2.4 t/m’
Emissions of carbon dioxide E¢p, to repair 1 m® of concrete (Bastidas- | 313.6 m’
Arteaga and Schoefs, 2015)
Social discount rate i.; (Ministry of Foreign Affairs, 2016) 2%~5%
Annual changing rate of PPI f; (Bank of Japan, 2016) 1%~4%

The overall maintenance cost of concrete slabs and concrete beams are calculated based on the
equations given in Section 6 and information provided in Table 4. The time for each maintenance is
assumed to be 15 days. By using the deterioration model and the predicted maintenance timing, the
cumulative maintenance cost is computed for a period of 100 years. The calculation also includes the
lower bound and upper bound which considers the uncertainties associated with the maintenance timing.
Based on Egs. (7)-(13), the overall costs are estimated for the retrofit, operarating loss and environmental
loss separately. The cumulative maintenance costs for concrete slabs, concrete beams and the total cost are

plotted in Fig. 10.
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Figure 10. Profiles of cumulative maintenance cost for (a) concrete slabs; (b) concrete beams and (c) total cost
of slabs and beams

As can be seen from these figures, the overall cost for concrete slabs is generally higher than
concrete beams. This is mainly because more concrete used for repair in slabs compared to beams.
Another minor reason is because the deterioration rate in concrete slabs is higher at the beginning
deterioration years. The increase of the cumulative maintenance cost becomes slower in the long term.
This is mainly because the long term cost is very sensitive to the discount rate. The differences between
the upper bound and lower bound are around 2.5 million, 1.3 million and 13.1million dollars for concrete
slabs, beams and total cost, respectively. Compared to the mean value, the differences between the upper

bound and lower bound are quite significant. Therefore, when making the maintenance planning, the
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economic uncertainties resulted from the structural deteriorations should be considered. In addition to the
analysis of maintenance cost, different components of the total cost are compared. The major component
is the retrofit cost which takes a percentage of 51.58%, while the operating loss and environmental loss
take percentages of 21.48% and 26.94%, respectively. These estimated percentage values are the same in
both the upper bound and lower bound cases. The environmental loss shows its obvious significance in the
total cost calculations. The influence of sustainable issues on port infrastructure maintenance is

comprehensively reflected using the proposed approach.

8.4 Comparison of different maintenance strategies

The final part is to find a way in selecting the most appropriate maintenance plan among several
alternatives. In this section, a comparison study is performed to discuss the way of finding the optimal
maintenance strategy. To make a comparison, another maintenance strategy which requires the
infrastructure at least to have a SHI value of 0.8 is proposed herein (Strategy 2). That is, maintenance
actions will be conducted once an inspection of SHI value of 0.8 is noticed. This is different from the
original strategy which only requires the structural SHI value to be higher than 0.75 (Strategy 1). Thus, in
this work, these two alternatives are assessed and compared with a full consideration of all the factors.
However, it should be pointed out that many other strategies are available in reality. The adopted strategies
in this study are designed based on the minimum SHI value. In fact, this minimum SHI value should be
determined for certain reasons. For example, 0.75 could indicate a minor repair is needed; 0.5 could
indicate a major repair is needed. Therefore, it is not necessary to compare the maintenance strategies for
all different minimum SHI values. A comparison between the strategies having the most reasonable
minimum SHI values is good enough. The study conducted in this section is aiming to provide the
procedures for comparing different maintenance strategies. The optimum decision has to be made based
on comparisons among more alternative plans.

Following the same procedures, life cycle performance of port infrastructure utilizing Strategy 2
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can be illustrated in Fig. 11. Based on the same procedures in the cost calculation, the cumulative
maintenance cost of maintenance Strategy 2 is estimated for 100 years and plotted in Fig. 12. From the
comparison between Fig. 11 and Fig. 9, Strategy 2 is more conservative than Strategy 1 as the average
SHI value in Strategy 2 is higher. This is also the reason why more frequent maintenance actions are
conducted in Strategy 2. Expectedly, the maintenance cost in Strategy 2 (US66 million ~ US80 million) is
much higher compared to that in Strategy 1 (US21 million ~ US25 million). Figure 12 illustrates this fact
in the cost estimation. However, when comparing the maintenance strategies, the overall cost is not the
only factor. The reliability of port infrastructure to ensure the normal operation of port is also important.

There is a need to have a balance between risk and cost.
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Figure 11. History profile of port infrastructural conditions under maintenance actions (Strategy 2) for (a)
concrete slabs and (b) concrete beams
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Figure 12. Profiles of cumulative maintenance cost for strategy 2 (a) concrete slabs; (b) concrete beams and (c)
total cost of slabs and beams

In order to have a fair comparison between Strategy 1 and Strategy 2, the total maintenance cost

of the whole port infrastructure (concrete slabs and concrete beams) for a period of 100 years is used in

this assessment. The concept of utility as introduced in Section 7 is utilized herein. Two risk averse

attitudes (4=3, A=5) are considered in the maintenance plan decision making. Since Strategy 2 is more

conservative than Strategy 1, a higher value of risk attitude is given to Strategy 2 (1=5) and the lower one

is given to Strategy 1 (4=3). In order to compare these two strategies with different budgets, two cases

with maximum budget of US$100,000,000 and US$1,000,000,000 are investigated. Basic information of

these two strategies is summarized in Table 5. Again, in this approach, the estimated bounds from the
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randomized Markov chain model are considered in the decision making.

Based on Eq. (15) , the utility values for both strategies under different budget constraints are
computed and plotted in Fig. 13 and Fig. 14. The utility curve for risk attitude 4=3 has a higher slope
compared with another curve having risk attitude A=5. This is because a high risk attitude person is more
sensitive to the risks while low risk attitude person is more sensitive to the cost. It is also noted that the
utility curves tend to be flatted when budget increases from 100 million dollars to 1 billion dollars. More
detailed results are recorded in Table 5. Therefore, the most appropriate maintenance strategy can be
determined based on the comparison of utility function from these two alternatives. For the case of US100
million budget, Strategy 1 has higher utility values in both the upper bound and lower bound
(0.9363~0.9451) compared to Strategy 2 (0.6334~0.5121). However, when the budget changes to USI
billion dollars, Strategy 2’s utility values (0.9967~0.9972) tend to be higher than Strategy 1
(0.9951~0.9965). Thus, based on the comparison, Strategy 1 is a better maintenance plan when budget is
US100 million dollars whereas Strategy 2 is more preferred when budget is US1 billion dollars.

The reason is that when the monetary budget is limited, the cost becomes a dominant factor in the
decision making. However, if the monetary budget is sufficient, the importance of cost is reduced and the
risk becomes the dominant factor. Therefore, this maintenance planning is in fact a decision making on a
tradeoff between risk and cost. For a port that plays a vital role in the regional economy, the risks of
failure in the infrastructures should be the most concerned and thus Strategy 2 should be adopted
(providing that budget is enough). On the other hand, if monetary budget is limited for the port
maintenance, Strategy 1 should be chosen for the maintenance planning. The decision on which strategy
should be utilized is depending on the given condition and manager’s attitude towards the risks.
Meanwhile, it should be pointed out that the comparison of these two strategies is based on the estimated
bounds from the randomized deterioration model. It is not a decision judged only by a crisp value.
Therefore, the determined optimized maintenance strategy takes a full consideration of uncertainties from

the structural deteriorations.

32



0.9

4
Cost (US$)

5 6

Figure 13. Utility curve for maintenance actions with budget of 100 million dollars

1 T T T T T T T T
0.996
0.992
g
0.988
0.984
— =5
— A=3
0.98 \ . . \ :
0 1 2 3 - 5 6 7 8

Cost (US$)

Figure 14. Utility curve for maintenance actions with budget of 1 billion dollars

Table 5. Estimated maintenance cost and utilities for two strategies

Strategy 1

Strategy 2

Maintenance cost

Lower bound
Upper bound

US$21,670,210
US$25,594,151

US$66,498,864
US$80,254,125

Risk attitude (L)

3

5

Case 1 budget: US$100,000,000

Utility Lower bound 0.9451 0.8121
Upper bound 0.9363 0.6334

Case 2 budget: US$1,000,000,000

Utility Lower bound 0.9965 0.9972
Upper bound 0.9951 0.9967
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Figure 15.Sensitivities of utility values to the cost in strategy 1

Risk attitude A=5; Budget:
US$1,000,000,000
Risk attitude A=3; Budget:
US$1,000,000,000
Risk attitude A=5; Budget:
US$100,000,000
Risk attitude A=3; Budget:
US$100,000,000

0.00E+00 -5.00E-09 -1.00E-08 -1.50E-08

Sensitivity

Figure 16.Sensitivities of utility values to the cost in strategy 2

A sensitivity study is also performed in this study. The sensitivities of utility function values to the

of cost uncertainty to the selection of optimum strategy.

The investigation shows that the proposed approach provides comprehensive evaluations in
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mean cost in both strategies are computed and plotted in Fig. 15 and Fig. 16. It can be seen Strategy 2 are
generally more sensitive than Strategy 1 for all the studied cases. This is more obvious when budget is
only US$100,000,000. This means the influence of the cost uncertainty is higher in Strategy 2. These
results agree well with the conclusions obtained in the above case study while the estimated utility bounds

in Strategy 2 are wider than Strategy 1. The sensitivity analysis can provide an estimate of the importance

maintenance planning. The randomized approach provides extended flexibility in the modeling and



processing of deterioration uncertainties. Considering such uncertainties in the modeling of deterioration
process can improve the reliability of the maintenance planning. On one hand, the room for indeterminacy
in probabilistic models reduces the risks of too optimistic conclusions, which might be created from
deterministic result under casual assumptions. On the other hand, the full utilization of collected
inspection data to the available extent leads to more conservative predictions of structural performances
compared to the deterministic approaches which can be quite bias.

While this work endeavor to develop a methodology for sustainable assessment of maintenance
strategies for port infrastructures, many simplifications were made in the example analysis. The cost of
environmental loss in this study only considers the loss induced by CO, emissions. However, we should
realize that many other metrics related to environmental loss can be produced during the production of
repair material. It needs more efforts to have a full consideration of all types of environmental losses, e.g.,
water pollution, air pollution, soil degradation. Besides, the structures analyzed in present work are only
concrete structures. The cost evaluation associated with the maintenance for other materials need to be
further studied. With regards to the structural maintenance, it is assumed all the maintenance actions can
fully restore the structural health condition. However, in reality, not all the structural deteriorations can be
recovered. Usually, there exist certain permanent deteriorations that could not be restored (as shown in
Fig. 2). The current analysis did not consider this fact. Moreover, the comparison study only considers two
maintenance strategies and budget constraint. More alternative maintenance plans should be considered if
the port manager wants to obtain an optimum scenario. Finally, the use of current method at the design
stage of a new port is not addressed in this study. Rather, the key focus is on the designing of maintenance
strategies by considering the inspected structural health condition data. The developed procedures in
handling the maintenance of port infrastructure serve as a pre-cursor step to a full life cycle analysis of a
port. The conclusions drawn from the paper should be seen in the light of these limitations. The influence of

these limitations to the results may need further investigations in the future.

9. Conclusions
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In this research, a methodology for sustainable assessment and optimization of maintenance
strategies for port infrastructures is developed. A Markov chain model with randomized transition
probabilities is proposed and developed to model the port infrastructural deteriorations. The cost regarding
sustainable issues is considered and counted in the total estimations for maintenance actions. It is found
that the developed randomized Markov chain model is more flexible to quantify the uncertainties
associated with structural deterioration process compared to the deterministic approach. The results show
that the component of cost regarding sustainability is a significant factor in the total cost of port
maintenance. The use of utility function for finding the optimal maintenance strategy is also discussed.
The utility function is able to provide a reference for judging the optimum maintenance strategy among
the options which risk and cost trade-offs exist. The identification of the utility value bounds can be useful
when reliable maintenance scheduling is concerned in the maintenance management. In view of making
critical maintenance decisions, the direct emphasis can be put on the extreme values in the estimated
bounds for the SHI values. An additional feature of the proposed maintenance method is a direct reflection
of various intensities of deterioration uncertainties represented by the bounds of the cost at once, whilst
traditional approach could not provide. Such randomized maintenance planning approach can take into
account various uncertainties associated with the deterioration process in a quantitative manner and
provide a tool for rationalizing the prioritization and scheduling of the maintenances. The developed
framework can be used to compare and improve the sustainability of various port infrastructure
maintenance strategies. Its application to the selected case study indicates that through comparison of
different risk attitudes and budget limits, it could provide more rational, economic and sustainable

solutions in the maintenance planning.
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