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Abstract: In this study, the total maintenance cost for public houses in South Korea was analyzed, and
the effect of each repair process on the total maintenance cost was evaluated with probabilistic and
deterministic methods. In the probabilistic method, quality of repair materials and construction skills
were considered in the variability of extended service life through repair, while the deterministic
method considered it by simple summation of repair step. The repair cost was analyzed considering
the coefficient of variation (COV) of extended service life, so the reasonable total maintenance cost
was able to be evaluated. Since the results through the probabilistic method provided a continuous
cost line, a reasonable repair strategy was carried out by simply changing the intended service life
of the structure. The repair cost was additionally analyzed with constant COV (0.15) of each repair
process for considering various situations. The analysis results with a COV of 0.15 exhibited a slightly
higher maintenance cost than those with current COV. The total maintenance costs can be adjusted if
the initial repair timing is extended to the largest possible extent for the highest-repair-cost process
since the total repair cost is dominated by the process with the highest repair cost.

Keywords: repair cost; service life; probabilistic method; deterministic method; COV

1. Introduction

For large structures, the exposure environment is analyzed, and thereafter, the dura-
bility design is established based on deterioration modeling to secure stability and dura-
bility [1,2]. The target service life and remaining life of a structure are evaluated from an
engineering perspective; however, the maintenance cost of a typical building structure
continuously increases by being used. Because the expected lifespan is different for each
member, the stepwise maintenance cost is considered an important factor for long-term
maintenance measures [3]. For rental housing, the importance of long-term maintenance
planning is being acknowledged because the damage is different for each member and the
deterioration process owing to the different lifestyles of the users [4].

As the importance of service life and effective maintenance costs are being recognized,
various studies have been conducted for predicting the service life of building structures.
However, these studies are mainly focused on the evaluation for a specific time period
and do not consider the entire life cycle [5-7]. Generally, the deterministic methods have
been used in these studies; accordingly, the maintenance cost of a structure or member
is determined by simply totaling the additional costs. Such deterministic methods or
probabilistic methods applied in modeling have been used to evaluate the service life or
repair period of large structures as well as the service life of rental houses [8,9].
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Many studies have been conducted to reduce the risk caused by uncertainties in the
construction of individual structural members. As representative cases, studies on building
information modeling (BIM) and robot-based construction to improve the accuracy and
efficiency of element construction and studies on virtual construction and lean construction
have been conducted [10-13]. The main purpose of these studies, however, has been to
mitigate the risks that occur in the construction stage, and few studies have been conducted
to analyze the maintenance costs of the facilities considering the service life of each mem-
ber. Considering the service life of the various members and analyzing the probabilistic
behaviors are essential for the calculation of user satisfaction and maintenance costs [3,14].
Recently, studies have been conducted to systematize the members for the finishing work
of rental houses and to analyze the pattern of service life for each repair process through
probabilistic approaches [14]. While these studies are considerably effective in constructing
databases for maintenance by analyzing the service life variation of each member, they face
limitations in the calculation of the total maintenance cost considering the service life.

The probabilistic maintenance technique considers the effects of repair timing and
repair cost on each process [15-18]. Techniques for probabilistic repair cost calculation
based on engineering modeling have been proposed recently; however, the probabilistic
variation of the service life considering the initial service life and repair is limited to a
normal distribution, and such techniques are limited to only the service life [1,19-21]. An
analysis technique has also been developed considering the influence of the mean and
standard deviation of the service life spanning across various initial service lives and repairs,
under the assumption of a normal distribution [22]; however, only a few studies have
actually considered the repair costs and probabilistic measures of the evaluated members.

In this study, the measured repair and maintenance costs of the representative repair
processes for public houses in South Korea were analyzed. In addition, the total mainte-
nance cost resulting from the extension of the service life was analyzed using deterministic
and probabilistic methods. Further, the effects of the probabilistic variation and repair cost
for each repair process on the total maintenance cost were quantitatively analyzed.

2. Literature Review on Probabilistic Service Life Analysis and Repair Process
Probabilistic Measures

2.1. Probabilistic Process-Based Member Probability Distribution Evaluation Technique

In previous studies, frequency distribution was determined through morphologi-
cal fitting to derive the frequency distribution of each process, and this was applied to
Equation (1) to perform a Monte Carlo simulation: [3,14]

Z(Fc(t,n) X Pt)

SLC, =
" Y FCp)

)

where SLC,, is the service lifetime of the component, FC; ) is the frequency distribution
of the component, and P, is the time period.

Equation (1) is used to obtain the weighted average of the frequency corresponding
to each time point of the finishing work member, and the service life is set based on
this equation. This method has an advantage over the existing method for calculating
service life because, rather than simply entering the average of service life, it can consider
uncertainty by the Monte Carlo Simulation. The derived frequency distribution is entered,
and a Monte Carlo simulation is performed to consider uncertainty. After this, mean
and standard variation is derived. Figure 1 shows the procedure for constructing the
probability distribution based on each process after constructing the service life matrix
of each finishing work member [3,14]. The considering of skewness of distribution is
efficient for the centralization of repair processes. For processes such as finishing materials,
the classifications and considerations have been analyzed appropriately in the previous
studies [23,24].
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Figure 1. Schematic diagram of service life pattern analysis.

2.2. Probabilistic Repair Cost Calculation Technique

In the previous studies on probabilistic repair timing and cost, the repair cost was
evaluated considering the period for which no maintenance was required (maintenance-
free period) (T7), N-th repair timing (Tx) and the coefficient of variation (COV) of the
secured service life [20,25]. For the maintenance-free period, the number of repairs is zero,
and the boundary condition can be defined as shown in Equation (2).

Tl > Tend (2)

where T is the first repair timing and T,,,; is the target service life.
If T is defined as the average value of the first repair timing, the standardized variable
() and the maintenance-free probability (P;) can be expressed as Equations (3) and (4) [19,20].

_ Tend _Tl
p =l ®)
[y exp(—ﬁz)dﬁ @
B1 V21 2

where, 07 is the standard deviation of Tj at the first repair timing.

The conditions to ensure that the number of repairs is one are: T; is smaller than
the target service life (T,,,4) and the sum of T, and Tj is larger than T,,;. In this case, the
standardized variable can be expressed by Equation (5). In addition, the probability (P5)
that the sum of Ty and T, is larger than Ty, can be expressed as Equation (6) [20,25]:

[(Tens — (T + T2)]

N ©
Pt =1— [P f(B)dp =[5 f(B)dp, and
©)

o) 2
b = I e (-5 )ap
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where 0; is the standard deviation of T;. The probability of failure when the number of
repairs is one (P;) can be expressed as Equation (7). In addition, the probability of failure
for n repairs can be expressed by Equation (8):

Py=(1-P)xP; @)

n—1
P, = (1—2Pk> x P (8)
k=1

Figure 2 shows the concept of the probability-based repair timing derivation and
maintenance probability covered in Section 2.2. The probability of failure for n (P;) is
evaluated through repetition of the procedure in Figure 2.
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Figure 2. Schematic diagram of probability-based repair timing evaluation [19,20].

3. Determination of Service Life Distribution of Each Repair Process
3.1. Determination of Probability Distribution for Each Member

The service life probability distributions for each repair process derived in a previous
study [14] are summarized in Table 1. These distributions were derived from the results of
the factual survey for repair processes in the process as in Section 2.1. The collected data
were 46,201 maintenance cases for 41 buildings in six public housing complexes in Seoul,
South Korea, for 21 years from 1997 to 2017. The public houses under investigation were
aged 25 years or older [14]. They can be expressed along the same time-axis, as shown in
Figure 3. All of them exhibited a normal distribution with a service life between 14.80 and
20.18 years and a COV value between 1.8 and 13.8%. The COV was very low compared
with the service life setting of the general structures. This is because construction-related
works, such as demolition and extensive repairs, are performed at planned time points.
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Table 1. Statistics of service life distributions.

Statistics of Service Life Distributions

Serial No. Finishing Work
Member Mean Median Mode cov
1 Painting work 16.57 16.57 16.25 0.028
2 Plaster work 19.14 19.20 19.75 0.058
3 Water proof work 18.94 18.94 18.91 0.027
4 Interior finishing 14.80 14.79 14.80 0.018
5 Tile work 16.08 16.08 16.21 0.028
6 Carpentry work 16.29 16.33 17.37 0.138
7 Doors and window 16.41 16.41 16.17 0.020
8 Roof and drain 20.18 20.23 20.23 0.058
L6
No.1
14 No.2
1.2

=t

Normal distribution
=
(= =]

0.6

0.4

0.2

0
10 12 14 16 18 20 22

Time (years)

Figure 3. Probabilistic distributions of the member repair process.

3.2. Investigation of Repair Cost Each Member Process

Changes in repair cost depending on the period of use can be analyzed by considering
the repair cost per unit area for the eight processes cited in Section 3.1. Table 2 and Figure 4
show the repair cost for each process as of 2019, respectively. The doors and window
finishing works exhibited the highest repair costs because workmanship, including various

other processes, and materials were required.

Table 2. Repair cost for each repair process [26].

Finishing Work Components

Repair Cost/m? ($)

Painting work
Plaster work
Water proof work
Interior finishing
Tile work
Carpentry work
Doors and window
Roof and drain

7.57
5.37
9.69
4.31
25.12
6.99
66.16
28.53
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Figure 4. Repair cost for each repair work process.

4. Analysis of Maintenance Cost Based on the Repair Cost of Each Process and
Evaluation of the Impact of Process Variation

4.1. Analysis of Maintenance Cost Based on the Evaluation Method for Each Process

Although there are differences depending on the process, it is known that the proba-
bilistic evaluation method derived as a continuous function allows the effective evaluation
of the repair cost, and it shows the same tendency as the deterministic method as COV
decreases [19,20,27]. Figure 5 shows the repair cost calculation results for each process, and
Figure 6 shows the repair cost ratio of the probabilistic method compared with that of the
deterministic method when the target service life is assumed to be 60 years.

The frequency of each repair process within a given service life (60 years) was eval-
uated from two to four times. The repairing frequency was not the sole parameter that
governed the total maintenance cost since the unit cost of each repair mainly affected the to-
tal maintenance cost. Interior finishing had not only the highest number of repairs (4 times)
but also the second-lowest total repair cost among eight finishing work components for
60 years. The repair process of doors and windows had the highest repair cost per unit area,
so it showed the highest total repair cost even if the number of repairs was only three times.

In the previous study [27], log and normal PSLF (probabilistic service life function)
were considered, and the effect of initial and extended service life on repair cost was
investigated with changing COV. The previous study handled PSLF type and patterns,
but total repair cost was not evaluated. If the extended service life pattern from repairing
can be experimentally obtained, which means mean, COV, and pattern of service life, the
probabilistic approach can be adopted more reasonably with a continuous cost line.

4.2. Analysis of Maintenance Cost Based on the Service Life
4.2.1. When COV Is Low (Current Conditions)

To analyze the maintenance cost with an increase in service life, the sum of repair
costs over a particular time period is required. In the probabilistic method, it is calculated
as a simple sum because the cost is expressed continuously over time. However, in the
deterministic method, the cumulative sum according to the repair timing of each process
must be considered in detail. Figure 7 shows the calculation equation for the total repair
cost, and Figure 8 compares the repair costs obtained by the probabilistic and deterministic
methods. Here, is the target service life, is the cost for each process throughout the period
of use, is the repair cost for each process, is the service life in each process, and is the
frequency of repair.
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Figure 5. Comparison of repair cost through deterministic and probabilistic methods.
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Figure 6. Repair cost ratio of the probabilistic method to deterministic method.
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As can be seen from Figure 8, there was no significant difference between the de-
terministic and probabilistic methods because the COV value for each process was very
low (1.8-13.8%). After 60 years, the total repair cost was evaluated to be $437 for the
deterministic method and $444 for the probabilistic method. In the process with a high unit
repair cost (door and window), the initial value of the repair cost increased significantly
and impacted the total repair cost substantially.

4.2.2. When COV Is Large (COV: 0.15)

Significantly low COV values were evaluated (literature review in Section 3.1); how-
ever, the evaluation focused on cases in which the demolition and intensive repairs were
performed at planned time points. Furthermore, the service life varies depending on the
change in the lifestyle of users, quality of finishing and repair materials, or workmanship.
In this section, changes in each repair cost and total repair cost were analyzed by assuming
the service life variation of each process to be 0.15. Figure 9 shows the changes in the
probabilistic repair cost for each process. Figure 10 compares the changes in the total
repair cost between the deterministic and probabilistic methods owing to the extended
usage period. In addition, Figure 11 shows the sum of repair costs over 60 years for each
process. It is known that the reasonable COV value ranges from 0.10 to 0.20 for structural
engineering members [19,20,25,27].
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Figure 10. Total repair cost based on deterministic and probabilistic methods (current and COV: 0.15) with extended
service life.
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Figure 11. Repair cost per member process after 60 years.

As can be seen from Figure 10, the total repair cost obtained based on the probabilistic
method shows a strong tendency of a smooth continuous function as the COV increases,
and the time when the repair can be performed most cost-effectively is between 40% and
50% of the corresponding service life after the repair timing is determined based on the
deterministic method. Based on previous studies [19,20,27], the probabilistic analysis is
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Total repair cost ($/m?)

conducted differently from the deterministic method that considers a constant repair cost
for the corresponding service life. It can reduce the number of repairs by adjusting the
target service life. For Figure 11, the sum of the repair costs of the eight processes was
calculated based on the period of usage. Therefore, the deterministic method exhibits
a continuous tendency. Between 25 and 33 years, the probabilistic method exhibited a
higher repair cost. This is because the COV had a negative effect. Between 33 and 37 years,
however, the repair cost obtained based on the probabilistic method was evaluated to be
lower because the COV had a positive effect. In this case, when the COV was large, a
lower repair cost was calculated. After the target service life of 60 years, the repair cost
was evaluated to be $444.34 for the probabilistic method with low COV, $458.33 for the
probabilistic method with a COV of 0.15, and $437 for the deterministic method.

When the repair cost variation over time is analyzed, the process with a high repair
cost (door and windows) has a dominant effect. Therefore, changes in the repair cost
before and after the service life of the process for doors and windows were compared in
sections A, B, and C, and the results are shown in Figure 12. In section A, the deterministic
method exhibited the lowest repair cost of $4.30, and the probabilistic method with a COV
of 0.15 showed the highest repair cost of $35.80 before T; (the first service life: 16.41 years).
After Ty; however, a different trend was observed. The deterministic method exhibited the
highest cost of $153.70, whereas the probabilistic method with a COV of 0.15 exhibited the
lowest cost of $135.80. In sections B and C, the same tendency was also observed for T (the
second service life: 38.32 years) and T3 (the third service life: 49.23 years). This is because
the magnitude of the COV for the probabilistic method affects the probability of failure
before and after the determined service life. While the deterministic method exhibited the
lowest repair cost of $158.10 and the probabilistic method with a COV of 0.15 showed the
highest cost of $180.10 before T3, the values changed to $263.90 and $255.10, respectively,
after T,. The same tendency was observed for T3. The repair cost ranged from 311.84 to
$417.60 for the deterministic method, from 326.3 to $413.80 for the probabilistic method
in consideration of the current conditions, and from 353.7 to $386.30 for the probabilistic
method with a COV of 0.15.

If the skill of the workforce and the characteristics of repair and plaster materials are
considered to quantify the repair timing, the distribution of the service life extended for
each process can be clearly defined. Based on this, a reasonable probabilistic maintenance
method can be applied.

180
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]
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(a) Repair cost before and after T; (windows and doors: 15 and 21 years)

Figure 12. Cont.
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Figure 12. Repair cost variation before and after a major member repair process.

5. Conclusions

In this study, the probabilistic measures of the structural members of public houses,
derived in previous studies, were quantified, and the repair cost was analyzed by assuming
anormal distribution according to the target service life. The proposed probabilistic method
can be more useful when extended service life through the repairing process is physically
investigated, such as quantification of mean value, COV, and the shape of probability
function (log or normal). The conclusions drawn from this study are as follows:

(1) Based on the literature review, it was found that the service life of repair processes
for public houses ranged from 14.80 to 20.18 years, and their coefficient of variation
(COV) ranged from 1.8% to 13.8%, indicating a very low level of variation. This is
because construction-related works, such as demolition and extensive repairs, were
performed at planned specific time points, and there was no significant difference
between the repair costs derived from the deterministic and probabilistic methods
because of the low variation. After the target service life (60 years), the total repair
cost was evaluated to be $437 for the deterministic method and $444 for the proba-
bilistic method. When establishing a long-term maintenance strategy for a general
building structure composed of various members with different service life, the inte-
grated analysis model proposed in this study can be useful for efficient maintenance
cost management.
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(2) When the repair cost was evaluated by fixing the COV of each process at 0.15, the
probabilistic method exhibited a higher repair cost for 25-33 years and a lower repair
cost for 33-37 years owing to the positive effect of COV. The repair cost was evaluated
to be $444.34 for the probabilistic method that considered the current conditions for
the service life, $458.33 for the probabilistic method with a COV of 0.15, and $437 for
the deterministic method. The repairing frequency was not significant when it has a
low unit repair cost; on the contrary, the repair process with a high-cost had a great
influence on the behavior for total maintenance cost.

(3) When changes in repair cost before and after the high-cost repair process (doors and
window) that had a significant impact on the total repair cost were analyzed, the
deterministic method exhibited the lowest repair cost of $4.30, and the probabilistic
method with a COV of 0.15 showed the highest repair cost of $35.80 before T;(the
first service life: 16.41 years). After T;, however, a different tendency was observed as
the deterministic method exhibited the highest cost of $153.70, while the probabilistic
method with a COV of 0.15 showed the lowest cost of $135.80. The same tendency was
also observed for T, and T3 because the magnitude of the COV for the probabilistic
method affected the variation in the service life. The probabilistic maintenance
technique can be effectively used to calculate the total repair cost when the initial
repair timing is extended to the largest possible extent, for the process with the highest
member-repair-cost (windows and doors) and if the process-related COV is applied.
In addition, more economical maintenance repair costs can be achieved by additional
actual condition surveys of cases showing different service life and the characteristics
of the probability function.
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