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Abstract 

Chloride induced corrosion is the main cause of deterioration of reinforced 

concrete structures in marine environment. Corrosion damages require huge 

expenses to be repaired. Thus, it is required to design structures that need less 

repair in their life. A model to estimate Life-Cycle-Cost (LCC) of reinforced 

concrete structure in marine environment is proposed to be used as either an 

evaluation tool of a certain design, or as selection tool between suggested 

designs. It is concluded that life-cycle-cost analysis is an important tool to be 

used in assessing different specifications. Also, basing the decision upon the 

initial investment only can lead to an erroneous judgment. The total cost 

through the intended life has to be considered to choose the cost-effective 

solution as low initial investment can mean high maintenance and repair cost 

where the total cost may exceed high investments with low maintenance and 

repair costs.  

 

1. Introduction  

Reinforced Concrete (RC) is the most frequently used material in construction 

all over the world due to its versatility and availability of constituents. 

Structures can be exposed to severe exposure conditions during their service life 

resulting in deterioration of concrete. Deterioration forces owners to spend a 
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significant part of their budget on rehabilitation (or replacement) of the existing 

structures when damage reaches a certain limit. Thus, there is a strong financial 

incentive to design RC structures which will require less maintenance and repair 

over their life time. 

 

Marine environment is characterized by high temperature and relative humidity 

in addition to chloride attack. Under these conditions, chloride induced 

corrosion is the major deterioration mechanism of reinforced concrete structures 

[1]. Corrosion adversely affects the structural behavior of the corroded element. 

It causes reduction of flexural stiffness, shear capacity of the element, and loss 

of bond strength [2-4]. Moreover, rust produced as a result of corrosion expands 

to develop tensile stresses at the steel/concrete interface which ultimately results 

in cracking of concrete along the rebar length and eventual spalling of the 

concrete cover [5]. The repair of corrosion damage costs a huge expenses 

estimated by US$ 2.2 trillion in the world [6]. Hence, more attention was given 

in the last decades to develop effective corrosion control strategies regarding 

performance and cost. 

 

In this paper, a model is proposed for estimating the life-cycle-cost of reinforced 

concrete (RC) structures in marine environment where chloride induced 

corrosion is the main deterioration mechanism for onshore and offshore 

structures. The life-cycle-cost model will be based on predicting the service life 

of structures subjected to chloride induced corrosion. The cost model serves as a 

tool for practice engineer to estimate the costs incurred in the life of structure, 

and to choose the cost effective solution from certain suggested alternatives. 

 

2. Life Cycle Cost Model  

The life cycle cost (LCC) of an item is the sum of fund required for a product 

from its conception and manufacture through its operation to the end of its 
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useful life [7]. Regarding a structure, LCC is the sum of all expected costs 

associated with design, construction, operation and maintenance plus all the 

expenses related to possible failure modes or disposal of the structure over a 

period of time. 

 

In the proposed mathematical cost model, the following assumptions are made: 

 Costs related to the structure occur at different times. So, in order to obtain 

consistent results, the present value method is used in which all the future 

costs are discounted to their equivalent present value (base year value) [8]. 

 The initial investment and erection costs occur through the 

planning/construction period but the model considers it to occur on the base 

year. 

 The various operations, maintenance, and repair costs are spread throughout 

the year. In this model, all the costs are assumed to be occurring at one point 

that is at the end of the year. 

 

Based on these assumptions, the discounted LCC of a structure in a time period 

T is stated as: 

 𝐿𝐶𝐶(𝑇) =  𝐶𝐼𝑁 + 𝐶𝑂(𝑇) + 𝐶𝑀(𝑇) + 𝐶𝐿𝑆(𝑇) + 𝐶𝐷                                     (1) 

where CIN is the investment cost including design, construction (materials and 

labor), and quality assurance in the base year, CO(T) is the expected operation 

cost in a time period T. CM(T) is the expected cost throughout a time period T of 

regular structure maintenance which is carried out periodically from the as new 

state, even in the absence of any sign of deterioration, CLS(T) is the expected 

cost state in a time period T associated with exceeding a certain damage limit 

“limit state”, and it can be regarded as the cost of corrective/essential 

maintenance that is required to restore functioning of the structure when the 

performance is unduly affected, and CD is the cost of disposing the structure 
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when it becomes unable to fulfill its requirement or disposal is more economic 

than keeping the structure in service. 

 

In case of chloride induced corrosion, the service life of structure can be divided 

into two phases: initiation and propagation [9]. In the initiation phase, chlorides 

pass through concrete until reaching steel surface with concentration enough to 

initiate corrosion. Corrosion then propagates until cracking and spalling appear 

on the external surface of concrete. The sum of initiation and propagation 

phases can be considered as the service life. 

 

It is important to mention here that, the length of the corrosion propagation 

stage in concrete is found to be relatively short, typically a few years. As a 

result, much of the emphasis on achieving long service life is put on achieving a 

long corrosion initiation stage [10]. Therefore, this study will focus on the 

initiation phase as the allowed limit state to take into consideration any 

uncertainties that might be involved. In other words, service life will be limited 

to the length of corrosion initiation period. 

 

Serviceability failure caused by cracking is considered to be the most influential 

mode of failure for the estimation of life cycle cost for RC structures in marine 

environment as the associated loss of structural capacity for RC structure will 

not exceed 20% at the first sign of cracking [11]. As the corrosion propagation 

rate until cracking can be rapid, the serviceability limit state in this model is 

conservatively assumed to be reached only when corrosion initiates. CLS is the 

expected cost of major repair required to restore the structure performance 

when corrosion initiates. Noting that CO(T), CM(T) and CLS(T) are discounted to 

the base year.  
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Discounting can be done by using the simple formula of interest as follows [12]: 

 The one-time costs which do not occur annually (e.g. the major repair cost at 

some intermediate time and the replacement cost at the end of service life) 

are discounted by multiplying the future cost by the single present value 

(SPV) factor which is: 

 𝑆𝑃𝑉 =
 1

(1+𝑟)𝑡
                                                                                            (2) 

where r is the discount rate which depends on economic and political factors, 

and t is the period of time elapsed from the base year until cost occurs. 

 The costs which recur periodically are discounted by the uniform present 

value (UPV) factor. The periodically recurring costs include the operation 

and regular maintenance costs. These costs may recur in uniform or non-

uniform manner. But in this model, all these costs have been assumed to be 

uniform recurring costs. For annually recurring costs, UPV is calculated with 

the help of following relation:  

 𝑈𝑃𝑉 = ∑
1 

(1+𝑟)𝑥
𝑇
𝑥=1                                                                                   (3) 

where x is the number of the year. 

 

Therefore Eq. (1) for LCC in a period T can be rewritten as: 

 𝐿𝐶𝐶(𝑇) =  𝐶𝐼𝑁 + ∑
𝑂𝑥

(1+𝑟)𝑥
𝑇
𝑥=1 + ∑

𝑀𝑗

(1+𝑟)𝑗

𝑇/∆𝑡
𝑛=1 + ∑

𝑅𝑘

(1+𝑟)𝑘
𝑙
𝑚=1 +

𝐶𝐷

(1+𝑟)𝑇
    (4) 

where Ox is the operation cost in year x, 𝑛 and 𝑚 are the number of regular 

maintenance and major repair incidents respectively, ∆𝑡 is the period between 

regular maintenance incidents, 𝑙 is the total number of major repair incidents, Mj 

is the regular maintenance cost in year j where (𝑗 = 𝑛 ∗ ∆𝑡; 𝑗 ≤ 𝑇), and Rk is the 

major repair cost in year k according to the number of major repair incident. 

 

It is worth noting that after repairing a structure, it does not restore its original 

performance. The degree to which the repair is efficient depends on the 
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technique of repair applied, quality of materials used, and the skill of repair 

team. Thus, if the first repair performed a corrosion initiation time, Ti is 

reached, the second repair will be needed after a period less than 2Ti as long as 

repair is performed using the same concrete as that of original structure. So, a 

repair efficiency factor α is introduced to be multiplied with the subsequent 

initiation times. The application of such a factor will be indicated in Section 4. 

 

3. Calculation of Corrosion Initiation Time 

Although chloride ions may transport through concrete by different 

mechanisms, diffusion due to concentration gradient is considered to be the 

dominant mechanism [13]. Therefore, the selected model is based on Fick’s 

second law of diffusion which can be written in the form of the following partial 

differential equation for one-dimensional diffusion problem [14]: 

  
𝜕𝐶(𝑥,𝑡)

𝜕𝑡
= 𝐷

𝜕2𝐶(𝑥,𝑡)

𝜕𝑥2
                                                 (5) 

where C(x,t) is the chloride concentration at distance x from the chloride-

exposed surface at time t, and D is the chloride diffusion coefficient of concrete. 

Noting that in order to solve Fick’s law, a boundary condition (chloride 

concentration at surface), and initial condition (chloride content of the concrete 

mix) are required. 

 

3.1 Expression for diffusion coefficient (D) 

It is obvious from Eq. (5) that D is the key element which controls the 

penetration of chloride ions into concrete. In this model, three main points are 

considered regarding the diffusion coefficient: i) It decreases with time as the 

hydration process proceeds due to the refinement of pore structure [15], ii) 

Increasing temperature results in increasing the diffusion coefficient without 

changing the trend of chloride profiles [16], iii) Relative humidity significantly 

influences the diffusion coefficient and considered along with the temperature, 
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the main environmental parameters that affect the chloride ingress into concrete 

[17,18]. So, the next equation will be adopted for diffusion coefficient to 

consider the previously mentioned points: 

 𝐷 =  𝐷𝑟𝑒𝑓 ∗ 𝐹(𝑡) ∗ 𝐹(𝑇) ∗ 𝐹(𝑅𝐻)                           (6) 

where Dref is the reference diffusion coefficient at reference time tref, F(t), 

F(T),and F(RH) are factors multiplied Dref  to account for the age effect, 

temperature, and relative humidity respectively. Thomas and Bentz [19] propose 

Dref based on a large database of bulk diffusion tests to be: 

 𝐷𝑟𝑒𝑓 =  10(−12.06+2.40∗𝑤/𝑐) (m2/s)                         (7) 

where w/c is the water to cement ratio.  

 

The age factor F(t) represents the reduction of D with time, and is generally 

accepted to be expressed as [19-21]:  

 𝐹(𝑡) = (
𝑡𝑟𝑒𝑓

𝑡
)𝑚                                       (8) 

where tref is the reference age (usually 28 days), t is the age of exposure and m is 

an age factor to account for the refinement of pore structure, and is proposed to 

be [19]: 

 𝑚 = 0.2 + 0.4(%𝐹𝐴/50 + %𝑆𝐺/70)  ≤  0.6    (9) 

where % FA and % SG are the % amount of fly ash (≤50%) and slag (≤70%), 

respectively. The equation for age factor m considers fly ash and slag only. 

Silica fume is assumed to have no effect on the age factor, but affects the 

reference diffusion by a multiplied factorexp(−0.165 ∗ %𝑆𝐹), where % SF is 

the % amount of silica fume. Value of F(t) continues to decrease until the 

hydration process is complete and no further pore refinement takes place for a 

period that is assumed to be 25 years. Beyond this point F(t) remains constant at 

the 25 years value [19]. 
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The factor F(T) represent the effect of temperature and is obtained from 

Arrhenius law as [16]: 

 𝐹(𝑇) = exp [
𝑈𝑐

𝑅
(

1

𝑇𝑟𝑒𝑓
−

1

𝑇
)]                                           (10) 

where Uc is the activation energy of chloride diffusion in concrete, reported as 

23, 39.9 kJ/mol for water to cement ratio 0.35 and 0.6, respectively [16] 

(assumed to be 35 kJ/mol in this study), R is the gas constant (8.314 J/mol K), 

Tref  is the reference temperature (293.15 K), and T is the ambient temperature. 

The effect of relative humidity was taken into account by multiplying the 

reference diffusion coefficient by a factor F(RH) [17]: 

 𝐹(𝑅𝐻) = [1 +
(1−𝑅𝐻)4

(1−𝑅𝐻𝑐)4
]

−1

               (11) 

Where RH is the ambient relative humidity and RHc is the reference relative 

humidity (assumed 75% [22]) 

 

3.2 Expression for surface chloride concentration (Cs) 

Surface chloride concentration Cs represents the severity of the surrounding 

environment to the building, and the boundary condition of the diffusion 

problem. Adopting appropriate values for Cs is important to predict adequately 

the future chloride penetration [23]. It is found that Cs builds up at concrete 

surface and increases with time [24-26]. Ann et al. [27] proposed a realistic 

relation for surface chloride build-up (𝐶𝑠 = 𝐶0 + 𝑘√𝑡; where C0 is the initial 

build-up of surface chloride at initial exposure, k is a constant under a linear 

build-up condition). In this model, this proposed relation is adopted, but the 

constant k is used as a constant under a square root build-up condition. 

 

4. Numerical Example: Comparison Between Durability Design Alternatives  

By way of illustration, the life time cost for various durability design 

alternatives of a 5-m wide by 5-m long slab are calculated and compared to 



9 
 

select the cost-effective solution to be applied.The structural design 

requirements are assumed to be: 125 mm effective slab thickness and 5 steel 

bars of diameter 10 mm in each meter for each direction. 

 

Durability is achieved by special design requirement which may include the use 

of good quality concrete with low water to cement ratio, corrosion resistant 

steel, and/or use increased concrete cover. For the purpose of comparison, four 

alternatives are considered using concrete of the same water to cement ratio, 

summarized in Table 1. 

 

Table 1: Selected durability design alternatives. 

 Alternative 1 Alternative 2 Alternative 3 Alternative 4 

Steel type Carbon Carbon Carbon Stainless 

Clear cover (mm) 35 50 65 20 

Water to cement ratio 0.50 0.50 0.50 0.50 

 

4.1 Corrosion initiation time  

Based on the criteria for each alternative, and using the predictive model 

described in Section 3, the corrosion initiation time is estimated. According to 

the value of water to cement ratio, the reference diffusion coefficient D28 is 

1.38E-11 m2/s. It is assumed that no mineral admixtures are used, thus, the age 

factor m is 0.20. The surface chloride concentration Cs is assumed to be 

0.2+0.4√𝑡 (% of weight of cement). The annual average temperature and 

relative humidity are assumed to be 30oC and 65%, respectively. Based on these 

conditions, the model is analyzed numerically using COMSOL Multiphysics 

(version 5) [28].The chloride concentration variation with time at a distance 

equal to the cover from the surface for each alternative is shown in Fig.1. 
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Fig.1: Variation of chloride concentration with time at cover depth for each 

alternative 

 

The chloride threshold value at which corrosion initiates is assumed to be 

0.20% when using carbon steel reinforcement [29]. For stainless steel, the 

threshold value is assumed to be 10 times that of carbon steel [19], i.e., 2% of 

weight of cement. Thus from the figure, it is illustrated that the predicted times 

to corrosion initiation for alternatives 1, 2, 3, and 4 are 6.2, 11.8, 19 and 46.8 

years respectively. 

 

4.2 Cost analysis 

The cost of construction is the sum of material and labor costs. Material costs 

are the sum of concrete and steel reinforcement costs. In Egypt, labor costs are 

approximately estimated to be 30% of material costs for reinforced concrete 

members. Information about the proportions assumed to be used in mixing 1m3 

of concrete is given in Table 2. As indicted, once the corrosion initiated, repair 
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is required to restore the structure functioning. The repair strategy scenario 

followed in this comparison is based on the next assumptions: 

 Repair is carried out immediately once the corrosion initiated by removing 

concrete cover, cleaning steel surface, and placing another cover.  

 Repair is performed using the same grade and water to cement ratio concrete 

by replacing the old concrete cover, cleaning steel, and placing a new cover 

of the same thickness, i.e. there is no improvement in durability 

performance. 

 After repair, the element does not restore its original performance and the 

efficiency factor α is assumed to be 95%.The factor α is applied such as the 

corrosion initiation time required for the next repair is obtained by 

multiplying α with the initiation time of the current repair. 

 

Figure 2 illustrates the performance degradation with time along with the 

required times for repair for each design specification. Repair times are shown 

at the drops of performance. 

 

Table 2: Concrete mix design for 1m3. 

Item Value Item value 

Characteristic strength  32 MPa Required cement content 400 kg/m3 

Water to cement ratio 0.50 Required water 200 kg/m3 

Specific gravity for cement 3.15 Required sand 546 kg/m3 

Specific gravity for sand 2.6 Sand volume  0.21 m3 

Fineness modulus for sand 2.6 Required gravel 1152 kg/m3 

Specific gravity for gravel 2.6 Gravel volume  0.44 m3 

Bulk density of gravel 1800 kg/m3   
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(d) 

Fig.2: Performance degradation through time along with the required times for 

repair for alternative (a) 1, (b) 2, (c) 3, and (d) 4, respectively. 

 

The costs associated with repair or replacement are structure and site specific. 

Hence, it is difficult to make generalization about these costs [11]. It is assumed 

that the cost associated with selected repair strategy equals double of the 

construction cost associated with the concrete cover. Also, it is assumed that 

design, operation, and regular maintenance costs are the same for different 

alternatives and so are not needed for this comparatives analysis. 

 

In the Egyptian market, the cost of 1 ton of Portland cement is about 600 EGP, 

and the cost of 1m3 of sand and 1m3 of gravel are 35 and 100 EGP, respectively. 

Thus the cost of material used in one cubic meter of concrete neglecting the 

water cost can be calculated as: 

𝐶𝑜𝑠𝑡 𝑜𝑓 1 𝑚3 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 = 𝑊𝐶 ∗ 𝐶𝐶 + 𝑉𝑆 ∗ 𝐶𝑆 + 𝑉𝐺 ∗ 𝐶𝐺 = 0.4 ∗ 600 + 0.21 ∗

35 + 0.44 ∗ 100 =  291.4 𝐸𝐺𝑃/𝑚3                                                               (12) 

where WC, VS, and VG are weight of cement (ton), volume of sand (m3), and 

volume of gravel (m3) respectively, and CC, CS, and CG are costs of 1 ton, 1m3, 

and 1m3 of cement, sand and gravel respectively. The concrete cost of a certain 
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thickness can be obtained by multiplying the volume of concrete (slab area [25 

m2] * thickness) by the cost of 1 m3 concrete. 

 

The cost of 1 ton of carbon steel reinforcement is 5500 EGP. The structural 

design of the slab specifies 5 bars of diameter 10 mm in each meter. Thus, the 

cost of steel bars is: 

𝐶𝑜𝑠𝑡 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑠𝑡𝑒𝑒𝑙 = 𝛾𝑆 ∗ 𝑉𝑆 ∗ 𝐶𝑆𝑡 = 7.86 ∗ 0.25𝜋 ∗ (0.01)2 ∗ 250 ∗

5500 = 848 𝐸𝐺𝑃                   (13) 

Where 𝛾𝑆 is the density of steel material, 𝑉𝑆 is the volume of all bars in the slab, 

and 𝐶𝑆𝑡 is the cost of 1 ton of carbon steel. Noting that 250 is the sum of all bar 

lengths in the slab. Knudsen et al. [11] estimated the cost of stainless steel bars 

to be 6-9 times that of the carbon steel bars. Assuming that the cost of stainless 

steel is 7.5 times the cost of carbon steel, the cost of stainless steel is 

7.5*848=6360 EGP.The material, labor and total construction costs at the base 

year for each alternative are shown in Table 3. 

 

Table 3: Construction costs. 

Alternative 

Material cost (EGP)  
Labor cost (EGP) (30% 

material cost) Total 

construction 

cost (EGP) 

(material + 

labor) 

concrete  steel concrete  steel 

Effective 

depth 

(125 

mm) 

Cover Steel  

Effective 

depth 

(125 

mm) 

Cover Steel  

1 911 255 848 273.5 76.5 254.4 2618.4 

2 911 365 848 273.5 109.5 254.4 2761.4 

3 911 474 848 273.5 142.5 254.4 2903.4 

4 911 146 6360 273.5 44 1908 9642.5 

 

The repair cost due to corrosion initiation can be estimated as shown in Eq. (4) 

where R is the future cost of repair and r is the discount rate that discounts the 

future cost value to the equivalent present value. Practically, each construction 
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company should has a record of the past repair costs. Using this record, the 

future value of repair cost can be forecasted at any date. Also, the discount rate 

can be forecasted using the past data. So that, the future repair costs can be 

estimated as: 

𝑅 =  ∑
current repair cost∗(1+𝑠)𝑘

(1+𝑟)𝑘
𝑙
𝑚=1                             (14) 

where s is the increase rate of repair cost, 𝑚 is the number of major repair 

incident occurring at year k, and 𝑙 is the total number of major repair incidents. 

The current repair cost in this study is assumed to be (2* cover construction 

cost) where the construction costs are the sum of columns 3 and 6 in Table 3. 

 

It is important to mention that s and r are not constant values for all times. They 

may change according to the input data to the technique used in forecasting. For 

simplicity, it is assumed that s and r are constant values where s equals 5%, and 

r is the average of discount rates from 2005 to 2014, that is 10% [30]. 

  

To evaluate each alternative with respect to cost effectiveness, two cases are 

considered as follows. 

 

4.2.1 Case I 

In this case, costs are calculated assuming the structure is required to perform 

for a certain life time, 75 years. Table 4 and Fig. 3 show the construction and 

repair costs encountered in each alternative calculated to present value. 
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Table 4: Required construction and repair costs to achieve 75 years’ service life 

Alternative Alternative Alternative Alternative 

1 2 3 4 

Construction costs 

Base year 2618.4 Base year 2761.4 Base year 2903.4 Base year 9642.5 

Repair costs 

Repair 

times 
Cost 

Repair 

times 
Cost 

Repair 

times 
Cost 

Repair 

times 
Cost 

6.2 496.1 11.8 548.1 19.0 509.4 46.8 43.1 

12.1 377.0 23.0 325.5 37.0 220.5 
  

17.7 290.6 33.7 197.9 54.2 99.1 
  

23.0 227.1 43.8 123.7 70.5 46.4 
  

28.0 180.0 53.4 79.1 
    

32.9 143.3 62.5 51.8 
    

37.4 116.2 71.2 34.6 
    

41.7 95.1 
      

45.9 78.3 
      

49.8 65.3 
      

53.5 55.0 
      

57.0 46.7 
      

60.4 39.9 
      

63.5 34.5 
      

66.6 29.9 
      

69.4 26.2 
      

72.2 23.0 
      

74.7 20.5 
      

Sum 4962.976 
 

4122.163 
 

3778.842 
 

9685.579 

 

Fig. 3: Present construction and repair costs for each alternative. 
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All these alternatives can be used to achieve the intended service life of 75 

years, but it can be seen from Fig. 3 that although Alternative 1 has the least 

initial cost, the life-cycle cost is not the minimum. It comes in the third rank as 

it required many repair works during the life. Alternative 3 is the best economic 

choice to achieve the durability requirements. It has the minimum total cost 

although its initial cost is 12% higher than Alternative 1. Alternative 2 comes in 

the second rank. Finally, alternative 4 it requires the maximum life cost. It has 

the maximum initial cost due to the use of stainless steel but it requires almost 

no repair cost, and it may be appropriate to use in other situations e.g. longer 

service life.   

 

4.2.2 Case II 

The second case assumes that the structure will perform until the economic 

service life is reached, i.e. the replacement of the structure is more economic 

than continuing the repairing process. As the economic service lifefor the 

alternatives may be different, the comparison cannot be performed by summing 

the costs occurring during each period.Thus, the comparison will be done by 

calculating for each alternative, the equivalent annual cost (EAC) which is the 

cost per year of the structure over its economic life where EAC [12]: 

𝐸𝐴𝐶 =  
𝐶𝑃𝑉∗ 𝑟(1+𝑟)𝑡

(1+𝑟)𝑡−1
                           (15) 

where CPV is the cumulative cost of the structure up to time t. 

 

To determine the economic service life, EAC will be calculated at each repair 

time for all previous incurred cost. The point of reversal of EAC is considered to 

occur at the economic service life. Then, EAC values correspond to service lives 

of each alternative are compared to determine the most economic one. Table 5 

shows the present cumulative cost for each alternative at each repair time. 
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Table 5: Present cumulative cost for each alternative at each repair time 

Alternative  Alternative  Alternative  Alternative  

1 2 3 4 

Time 
Cumulative 

cost 
Time 

Cumulative 

cost 
Time 

Cumulative 

cost 
Time 

Cumulative 

cost 

Base 

year 2618.4 

Base 

year 2761.4 

Base 

year 2903.4 

Base 

year 9642.5 

6.20 3115.28 11.80 3309.51 19.00 3412.85 46.80 9685.58 

12.10 3493.07 23.00 3634.88 37.00 3632.85 91.30 9691.02 

17.70 3784.28 33.70 3833.14 54.20 3731.93 133.50 9691.79 

23.00 4011.70 43.80 3956.97 70.50 3778.37 173.60 9691.91 

28.00 4191.49 53.40 4036.16 86.00 3800.97 211.70 9691.93 

32.90 4335.33 62.50 4087.94 100.70 3812.38 248.00 9691.93 

37.40 4451.68 71.20 4122.53 114.60 3818.34 282.40 9691.93 

41.70 4546.81 79.40 4146.11 127.90 3821.55 315.00 9691.93 

45.90 4625.37 87.30 4162.49 140.50 3823.34 346.00 9691.93 

49.80 4690.87 94.70 4174.08 152.50 3824.36 375.60 9691.93 

53.50 4745.99 101.80 4182.42 163.90 3824.97 403.60 9691.93 

 

Fig. 4 shows the EAC values at each repair time for each alterative to determine 

the cost effective one. 
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(b) 

 

(c) 

 

(d) 

Fig. 4: Reversal point of EAC for (a) alternative 1, (b) alternative 2, (c) 

alternative 3, and (a) alternative 4 respectively 
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From the figure, the economic service life for each alternative (point of inflation 

of EAC curve is 28, 33.7, 37, and 91.3 years for alternatives 1, 2, 3, and 4 

respectively. The corresponding values of EAC are 450.4, 399.4, 374.3, and 

969.3 EGP respectively. It is indicated that alternative 3 is the best solution as it 

requires the minimum annual cost during its life. Alternatives 2, 1, and 4 come 

in the second, third, and fourth places. Values of EAC tend to become constant 

at certain time. This is because the present value of repair costs becomes lower 

such that the cumulative costs tend to constant with time. 

 

5. Conclusions 

In this paper, a model to estimate life cycle costs of reinforced concrete 

structure in marine environment is proposed. It is concluded that life cycle cost 

analysis is an important tool to be used in assessing different specifications. 

Also, basing the decision on the initial investment only can lead to an erroneous 

judgment, and the total cost through the intended life has to be considered to 

choose the cost-effective solution as low investments can mean high 

maintenance and repair costs where the total cost can exceed high investments 

with low maintenance and repair costs.  
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