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INTRODUCTION 
 

Reinforced concrete (RC) has been widely used for civil 

infrastructure, including port mooring facilities. 

Mechanical and environmental actions lead to the 

degradation of structural performance of port mooring 

facilities. Exposure to harsh marine environments is 

inevitable for port mooring facilities, resulting in 

chloride-induced corrosion of these facilities [1]. To 

prevent more severe damages owing to its key roles as 

seaborne shipping, regular maintenance work is needed 

to keep the port mooring structures' durability, 

serviceability, and safety. 

However, maintenance work may also bring new 

challenges regarding the limited budgets and huge 

environmental loads such as energy and natural resources 

consumption and greenhouse gases emission. Material 

productions including cement, steel, and gravel have 

been donating plenty of environmental pollution on earth, 

especially CO2 emission. Therefore, the concept of life-

cycle management is required to be applied to consider 

the sustainability issues on maintenance works in terms 

of economic feasibility, social responsibility, and 

environmental compatibility [2]. 

This study aims to develop the framework for a 

suitable life-cycle management strategy of port mooring 

facilities by comparing the strategies of preventive 

maintenance (PM) and corrective maintenance (CM) as 

well as considering the material used for construction and 

maintenance works. The following four indicators are 

focused for the comparison in this study, i.e. structural 

performance, life-cycle cost (LCC), net present value 

(NPV), and CO2 emission. 

 

 

ANALYSIS PROCEDURES 

TARGET FACILITY 

Four open-type mooring facilities are chosen as a case 

study. Detailed information on their profiles and 

deterioration conditions is provided in Table 1. This 

abstract only focuses on facility Y2. 

PREDICTION OF STRUCTURAL 
PERFORMANCE DEGRADATION 

The Markov chain model has been used to predict the 

deterioration progress of existing structures, in which the 

deterioration progresses from one stage to another in a  

 

 

Table 1: Profiles of the mooring facilities of Y-port 

Facility Y1 Y2 Y3 Y4 

Year of construction 1988 1981 1976 1994 

Structural type of 

super structure 
RC RC RC RC 

Type of cargo Coal Coil Car Container 

Depth (m) -14 -12 -12 -12 

Length (m) 280 240 240 300 

Surface area (103 m2) 6.91 7.36 8.02 8.66 

Volume (103 m3) 2.48 2.73 2.15 3.75 

Proportion of grades: 

d 

c 

b 

a 

 

0.126 

0.566 

0.282 

0.025 

 

0.676 

0.311 

0.013 

0 

 

0.695 

0.294 

0.011 

0 

 

0.818 

0.179 

0.002 

0 

Overall grade Dp 2.206 1.337 1.316 1.184 

 

 

row, according to the transition probability, px [3]. Four 

deterioration grades, i.e. d, c, b and a, will be used to 

categorize the condition of each structural member after 

a regular inspection. A health condition is referred to as 

grade d while the most severe condition is grade a. The 

overall grade (Dp) can be calculated using Eq. (1). Pd, Pc, 

Pb and Pa are the proportion of deterioration grades d, c, 

b, and a, respectively, with the corresponding weighing 

factors as 1.0, 2.0, 3.0 and 4.0 [4]. 

Fick’s second law of diffusion is applied for a new 

structure to predict the chloride-ion concentration in 

structural members with different types of binder, as 

given in Eq. (2). To choose a proper material, i.e. binder 

for new construction and maintenance work, the 

comparison between two different types of cement, i.e. 

ordinary Portland cement (OPC) and blast furnace slag 

(BFS) cement, is made. 

Where 𝐶𝑑(𝑡, 𝑥)  is the chloride-ion concentration at 

time t and depth x, 𝐶0  represents the chloride-ion 

concentration at x=0, 𝐷  is the apparent coefficient of 

diffusion, and 𝑒𝑟𝑓 is an error function. The outcome of 

chloride-ion concentration could define the expected 

time of rebar corrosion in the concrete. 

 

Dp = 1.0×Pd + 2.0×Pc + 3.0×Pb + 4.0×Pa (1) 

𝐶𝑑(𝑡, 𝑥) =  𝐶0 [1 − 𝑒𝑟𝑓 (
𝑥

2√𝐷𝑡
)] (2) 



 
 

LIFE-CYCLE MANAGEMENT STRATEGY 

For an existing structure, based on Dp, the specified repair 

method should be considered. In this study, when Dp 

reaches to the threshold value, the corresponding repair 

method will be taken as listed in Table 2 [1]. 

For a new structure, based on the chloride-ion 

concentration, the specified repair method given in Table 

2 should be considered, either surface coating as PM or 

section repair as CM. 

It is assumed in this study that the surface coating and 

the section repar are applied for 70% of the surface area 

of structural members. 

 

CALCULATION OF LCC AND NPV 
 

A further investigation focusing on the influence of the 

life-cycle management strategy on LCC and NPV is 

carried out. When the repair work is conducted, it is 

assumed that benefit is reduced according to Table 2, 

which depends on non-serviceable period. LCC and NPV 

are estimated for the service life of 100 years by using 

Eqs. (3) and (4), respectively. 

𝐿𝐶𝐶 =  ∑
𝐶𝑖

(1 + 𝑟)𝑖

𝑗

𝑖=1

 
(3) 

𝑁𝑃𝑉 =  ∑
𝐵𝑖 −  𝐶𝑖

(1 + 𝑟)𝑖

𝑗

𝑖=1

 (4) 

where Bi is the benefit at i-th year, Ci is the cost at i-th 

year, r is the social discount rate (i.e. 4% in this study)  

and j is the service life of the structure. 

 

CALCULATION OF CO2 EMISSION 
 
In general, a large amount of raw materials and non-

renewable energy are consumed for various civil works, 

in addition to the waste generation. A proper life-cycle 

management strategy can cope with the sustainability 

issues regarding CO2 emission from construction and 

maintenance works, which is about 10% in the civil 

works in Japan. CO2 emission-related inventory data on 

civil engineering works are obtained from previous study 

on civil engineering works are obtained from the 

previous study, such as section repair: 56.30 kg- CO2/m2, 

and surface coating:  4.69 kg-CO2/m2 [5]. 

This study focuses on CO2 emissions from raw 

materials production and construction/maintenance 

work. The inventory data on CO2 emission along with the 

material and maintenance work are given in Table 3. 

 

 
Figure 1: Flowchart for optimization of life-cycle management for port mooring facilities 

Table 2: Repair method, threshold, unit cost of repair, and benefit loss 

Strategy 

Threshold 

Repair method 
Unit cost 

(yen/m2) 

Benefit 

loss (%) Exiting 

structure 

New 

structure 

PM Dp=1.7 
Cd = 1.75 kg/m3 (OPC) 

Cd =1.67 kg/m3 (BFS) 
Surface coating 24 000 0 

CM Dp=2.0 
Cd = 2.0 kg/m3 (OPC) 

Cd =2.0 kg/m3 (BFS) 
Section repair 97 500 30 

 

Life cycle management of port structures

New Construction Existing Construction

Social aspect
(Serviceability and Safety) Analyzing the inspection data by 

using the Markov chain model 
Analyzing the chloride ion diffusion 
by using Fick’s second diffusion law

Calculating the grade of 
deterioration point (DP)

Defining the material usage Defining the repair method

Calculating the Life cycle cost 
(LCC) and Net Present Value (NPV)

Calculating  the amount of CO2

emission 
Calculating  the amount of CO2

emission 

Predicting the chloride ion 
concentration (Cd)

Suitable maintenance strategy

Calculating the Life cycle cost 
(LCC) and Net Present Value (NPV)

Economic aspect
(Maintenance cost and benefit)

Environmental aspect
(CO2 emission)



 
 

Table 3: CO2 emission and unit costs of construction work 

Component Unit 
kg-CO2 

/unit 
Unit Unit cost 

Sand t 3.40 t 2 600 

Resin kg 4.05 kg 1 680 [6] 

Generator h 5.90 [7] day 1 600 [6] 

Compressor h 5.90 [7] day 2 400 [6] 

OPC binder t 766.60 [7] t 10 500 [6] 

BFS binder t 458.70 [7] t 10 500 [6] 

 

 

ANALYTICAL RESULTS 
 
EXISTING STRUCTURE 

Figure 2 shows the estimated LCC of existing structure, 

Y2 with the strategies of corrective and preventive 

maintenance. The maintenance work is assumed to be 

completed in one year. An accumulative maintenance 

cost was calculated for 100 years period, in accordance 

with the prediction of performance degradation. The PM 

is found to be favorable because of lower LCC as shown 

in Fig. 2. The final LCC of the CM which requires section 

repair is two times higher than that of the PM. It is mainly 

because more frequent section repairs are required during 

the lifetime of Y2 due to the rapid progress of 

deterioration. 

The final NPV of the PM is higher than that of the 

CM as shown in Fig. 3. At the beginning of lifetime, the 

NPVs of the two strategies are almost the same. After the 

repair work is undergone on the facility, NPV of the CM 

is reduced significantly until the end of the lifetime. The 

same result was also obtained by Kawabata et al. (2018) 

[1], in which they investigated the effects of extended 

service life and annual budget on the cost-benefit index 

for maintaining port mooring facility. The reduced NPV 

is obtained because of benefit loss of port mooring 

facility, depending upon the type of implemented CM, 

because of termination of daily port operation, while the 

NPV of PM is increasing continuously over time. The 

longer the facility is used, the more frequent section 

repair will be undergone with more differences in NPVs. 

The CO2 emission of the CM is rather high, about 1.5 

million kilograms for 90 years, compared to that of the 

PM which is in hundreds of kilograms owing to types of 

material used and other repair-related work. The increase 

of accumulative CO2 emission is constant because of the 

same repair method is applied during the lifetime. 

Basically, maintaining and managing an existing port 

mooring facility should be done so that the structural 

performance of the facility is always kept in required 

levels because necessary maintenance works are 

provided for this purpose. Thus, structural performance 

is not directly discussed in this study. Therefore, if the 

PM is applied, then the structure is still in healthy 

condition, which is associated with obtaining the 

maximum value of NPV. The minimum value of LCC 

and preventing the reduced benefit are good for the social 

and economic aspects. The amount of CO2 emission is 

also low, which is good for the environmental aspect 

because of decrease in the natural resources consumption 

that can reduce the maintenance works’ contribution to 

the greenhouse gas effect. 

 

NEW STRUCTURE 
 
Preventive maintenance works of the new structure (the 

same structural profiles as Y2) with OPC and BFS 

cement are planned every 27 and 81 years, respectively, 

according to the chloride-ion concentration in the 

structure. The CM will be applied every 29 years on the 

facility with OPC as a binder, as well as every 90 years 

on the facility with BFS cement as a binder. 

Figure 4 shows that Y2 built by using BFS cement 

has always a very low final life-cycle cost for each life-

cycle management strategy. This is due to the improved 

durability of the structure with BFS cement as a binder 

[8], resulting in a longer fatigue life compared to that with 

OPC. On the contrary, it is found that CM, section repair 

with OPC costs nine times higher than that with BFS 

cement. The long-term cost is sensitive with the social 

discount rate since the section repair of Y2 with BFS 

cement is just carried out at the end of the lifetime, 

resulting in very low LCC. 
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Figure 2: Calculated LCC of the existing structure, 

Y2 
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Figure 3: Calculated NPV and CO2 emission of the 

existing structure, Y2 
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Figure 4: Calculated LCC of the new structure, Y2 
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Figure 5: Calculated NPV and CO2 emission of the 

new structure, Y2 
 

 

The calculated CO2 emission has a similar trend as 

that of LCC owing to the same number of repair and 

similar types of repair. The PM and CM with BFS cement 

always lead to low CO2 emission. However, utilization of 

OPC results in higher CO2 emission to the environment, 

for example, if assigning section repair with OPC, the 

contribution of CO2 emission reaches one million 

kilograms. 

Figure 5 depicts that the NPV of the PM keeps on 

hiking, either with OPC or BFS cement. There is only a 

slight difference in NPVs between the two strategies. 

However, the difference can be found in the NPV of the 

CM in which section repair is planned with OPC and with 

BFS cement, at four and five billion yen, respectively. 

Rather than with OPC, PM with BFS cement could 

reduce more the amount of CO2 emission, a higher value 

of NPV and a very low value of LCC. Moreover, 

applying the PM can avoid corrosion easily, so safety and 

serviceability are safe guaranteed. Therefore, 

implementing the PM with BFS cement could fulfil the 

economic feasibility, social responsibility, and 

environmental compatibility. 

 

CONCLUSIONS 
 

The following conclusions are drawn in this study: 

▪ Application of the preventive maintenance for port 

mooring facilities is more beneficial due to balance 

between the three indicators such as the NPV, LCC, 

and CO2 emission under the condition that structural 

performance is kept over the required level. 

▪ Utilization of BFS cement is more recommended to 

lead to a significant reduction of CO2 emissions and 

LCC as well as avoiding the NPV reduction because 

it can prevent rebar corrosion at an early age and can 

reduce the frequency of repair works. 

Further investigation is needed to compare more 

various strategies with the combination of several 

repair methods. 

The author would like to thank Dr Yuichiro 

Kawabata, Port and Airport Research Institute for 

valuable discussions on the calculation of LCC and 

NPV. 
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