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Background: As the number of nuclear facilities nearing their pre-determined design life in-
creases, demand is increasing for technology and infrastructure related to the decommissioning
and decontamination (D&D) process. It is necessary to consider the nature of the dismantling
environment constantly changing and the worker doing new tasks. A method was studied that
can calculate the effect of learning and the change in work time on the work process, according
to the learning-forgetting curve model (LFCM).

Materials and Methods: The LFCM was analyzed, and input values and scenarios were ana-
lyzed for substitution into the D&D process of a nuclear facility.

Results and Discussion: The effectiveness and efficiency of the training were analyzed. It was
calculated that skilled workers can receive a 16.9% less collective radiation dose than workers
with only basic training.

Conclusion: Using these research methods and models, it was possible to calculate the change
in the efficiency of workers performing new tasks in the D&D process and the corresponding
reduction in the work time and collective dose.
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Introduction

As the number of nuclear facilities nearing their pre-determined design life increas-
es, demand is increasing for technology and infrastructure related to the decommis-
sioning and decontamination (D&D) process. The D&D industry is now more wide-
spread than in the early stages of the nuclear industry. As of June 2021, approximately
193 units have been permanently closed worldwide [1]. The only countries to complete
the dismantling and license termination are the United States (16), Germany (3), Japan
(1), and Switzerland (1). Moreover, 11 countries are in the early stages of dismantling
their nuclear power plants (NPPs) [2].

The D&D process of nuclear facilities generally goes through the stages of prepara-
tion after shutdown, decontamination and dismantling, and site restoration. In the
preparation phase, the decommissioning plans are established, and the spent fuel
withdrawal is performed. In the D&D stage, the radioactive contamination from the
surface of the facility or equipment is removed, which is the decontamination part.
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Further, the dismantling is carried out by cutting and remov-
ing the entire facility. Upon completion of all the decommis-
sioning processes, any traces of radioactive material remain-
ing on the facility and site are removed, and the site is made
available for reuse. The dismantling process is carried out by
repeatedly using various industrial tools in the process where
radioactivity remains, and it is necessary to evaluate not only
the radiological characteristics but also the industrial char-
acteristics [3]. In addition, it is also necessary to consider the
nature of the dismantling environment constantly changing
and the worker performing new tasks. Conventional D&D
processes and studies related to the safety assessments do
not reflect these characteristic changes or do so in a limited
manner.

Various studies have simulated the complex changing
environment in the D&D process [4-7]. Some studies have
analyzed the radiation-dose rate change using neutron anal-
ysis codes, e.g., the Monte Carlo N-Particle Transport Code
(MCNP), and three-dimensional (3D) computer-aided de-
sign (CAD) modeling. Three-dimensional dose evaluation
codes, such as the VISIPLAN dose assessment program, en-
able the evaluation of changes in radiation doses, according
to changes in the surrounding environment [8-10]. This anal-
ysis is limited, in that it can only respond to changes in the
environment. In the dismantling process, not only the envi-
ronment, but also a worker’s performance can be variables.

The learning curve is a model for predicting and describ-
ing the performance of groups and individuals from their di-
rect and indirect labor in various industries [11, 12]. It has
been reported that the time to complete a unit of work
(working time) decreases depending on the amount of expe-
rience the worker has, and various studies have been con-
ducted to demonstrate this model [13, 14]. As the workers
spend more time working, their understanding of the work
increases. Increased occupational understanding can reduce
human error and increase work efficiency, but it must be re-
membered that working in radiation-controlled areas expos-
es workers to radiation [15, 16]. The change in the worker’s
performance can be analyzed by applying these studies to
the dose assessment during the D&D of a nuclear facility. It
can consequently help optimize the protection, according to
the principle of “as low as reasonably achievable (ALARA)”
[17,18].

In this study, the learning-forgetting model was applied to
analyze the change in the worker’s efficiency in the D&D
process of a nuclear facility. If the effect of learning can be
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corrected by applying the learning-forgetting model to the
existing dose evaluation method, a more accurate dose anal-
ysis can be performed on the worker. These considerations
can be helpful in both individual and collective dose assess-
ments and the radiation protection for new decommission-
ing workers, and this will help plan in a decommissioning
environment where changes in personnel are frequent.

A model capable of evaluating the appropriate number of
simulated training days was designed and applied, based on
an analysis of the worker’s simulated training performance.
Based on the evaluated model, the change in the individual
dose, according to the change in work performance, is ana-
lyzed, and the change in the collective dose can be calculat-
ed accordingly.

Materials and Methods

1. Learning-Forgetting Curve Model

The learning-forgetting model describes the performance
of groups and individuals as they learn and forget over time.
Many studies have been performed using the traditional
Wright's learning curve [19]; it has been tested with empirical
data.

Jaber and Sikstrom [13] compared the learning-forgetting
model, the learning-forgetting curve model (LFCM), recency
(RC) model, and power integration diffusion (PID) for five
different scenarios. The results showed that the faster the
learning, the higher the prediction of the PID, and the slower
the learning, the higher the prediction in the LFCM and the
RC model. It has been concluded that these models should
be further investigated in various industrial settings. Amongst
them, LFCM has been expanded by considering job similari-
ty factors in [20]. Because the environment considered in this
study is a consideration process within the dismantling pro-
cess where the working environment changes, not the work
performed in a certain environment, the LFCM was applied
considering these characteristics. The model-specific inter-
pretation is presented in Equations (1)-(6).

ty, = T1 (g +u) ™" (1)
Ji i
g = (u+x) S ° ()
_ b(1-b)log (u;+x;)
fi= log (14+B) ®)
1
1-b =3
S = [T—lTi(ui +x)'77] (4)
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B=2 5)

LR
b=- log(2) (6)

where

tx;=Time required to produce x units in cycle i (hr),

T,=Time required to produce the first unit (xr),

x;=Number of units produced in cycle i,

u;=Value of experience remembered at the start of cycle ;,

p=Learning index,

fi=TForgetting index,

S;=Total output when there is no break,

7;=Length of break (hr),

Dp=Time required to completely forget a task (hr),

LR=Learning rate.

The calculation for working is given by Equation (1). The
working time is reduced by the learning index, and the task
is repeated. The meaning of “produce” would mean the pro-
duction of things in previous research for industrial assess-
ments. The production of a thing can be defined as the ulti-
mate by-product that occurs through repetitive operations in
the production process. In the process of dismantling, cut-
ting is repeatedly performed to produce a certain amount of
waste, which can be viewed as the final product. Therefore,
the process of cutting one block was considered by applying
the concept of repeating the same operation to produce a
specific result. u was defined as the level of memory that the
worker remembers about the operation in the rest phase af-
ter the operation phase.

As a result of analyses in various industries, the LR value
was reported to be about 80%, on average. Because this value
is predicted to be consistent with the median value of the LR
range of a similar construction industry, the LR value was as-
sumed to be 0.8 [21]. x; is one unit of work, and wu; is an indi-
cator of how much a worker remembers about a task when
he has taken a break. This value increases proportionally to
how much work was performed previously and how much
was previously remembered. D, the time required for the
worker to completely forget the task, was assumed to be 6

2.5 Hours

]

Fig. 1. Daily work schedule.
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months used in related studies [22].

The cycle represents the current state of the worker, and
changes when transitioning from work to rest or from rest to
work. The total work time can be calculated by multiplying
the number of work units by the time required to complete
one unit. Therefore, when x; is multiplied by #x, the working
time ¢ is calculated. Equation (1) can then be expressed as
Equation (7).

t=xT(x; +u)™? @)

The change in x;, according to the working time #, can be
calculated using Equation (7). The changes in other factors,
according to the working time ¢, are also calculated. When
=0, the initial conditions of xo and u, are 0 and 0, respective-
ly, assuming that both the initial work produced and the
learning about the task start from 0.

2. Scenario Assumptions

Detailed calculations require the assumption of a worker’s
work schedule considering task-specific learning. The work-
er’s daily work schedule is assumed, as shown in Fig. 1. Work-
ers have a 1-hour lunch after 2.5 hours of work and a 10-min-
ute break after 1.5 hours of work. They then have 1.5 hours of
work, a 10-minute break, and 1.16 hours of work. The total
work duration is 8 hours because it includes 30 minutes of
preparation and cleanup time; e.g., putting on a work suit
and wearing a thermoluminescent dosimeter (TLD) before
and after work. This schedule allows the worker to work for
5 days and take a 2-day weekend break.

Decommissioning scenarios and dose assessments were
based on scenarios used in previous studies and the results
of the dose assessment analysis [23, 24]. This scenario con-
siders cutting an activated bio-shield using a diamond wire
saw (DWS), wet cutting, and dry cutting. Because calcula-
tions indicate that it takes 1,760 hours (approximately 10
months) to cut activated concrete, it is considered suitable
for simulating the effect of learning, according to long-term
work over 6 months.

In a previous study, the scenario and doses of the workers

1.5 Hours 1.16 Hours

=
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Table 1. Scenario Where a Skilled Worker Dismantles the Bio-shield

Type of works Working time (hr)
Preparation 1

Drilling 0.5

DWS cutting 1.06%
Lifting and cleanup 0.5

DWS, diamond wire saw.
JAverage working time for one cutting.

were analyzed in the process of dismantling the bio-shield.
Based on the scenario in this analysis, it was assumed that
four tasks were performed, including preparation, drilling,
DWS cutting, and lift and cleanup. The assumptions are
shown in Table 1. As a result of the dose evaluation in the
previous study, the collective dose was evaluated to be 1,588
man-mSv when working for 2,754 hours during wet cutting,
which is an evaluation based on considering skilled workers.

During daily work, the worker proceeds with dismantling
while repeating the process from preparation to cleanup. A
series of processes can be regarded as a unit of work, and the
unit work time is reduced as the work is repeated. In a previ-
ous study, a 15 m-high annular cylinder was cut into 1 m-
high pieces, and it was assumed to be cut into 20 blocks on
one floor. Because three cuts are required to make one block,
the total amount of work required for dismantling is calcu-
lated as 900 units.

In the D&D process, there is a change in working time due
to learning, and since the occupational exposure is deter-
mined according to the working time, it is necessary to cor-
rect it. The evaluation of dose was based on a previous study
on dose assessment. VISIPLAN was used to obtain the re-
sults for a worker dismantling a bio-shield. The time consid-
ered for a skilled worker to work one cycle is shown in Table
1. Because the evaluation was based on a skilled worker, the
value of 71 must be derived for the LFCM correction of a
trained but inexperienced (basic-trained) worker. A skilled
worker is assumed to be sufficiently trained and experi-
enced; therefore, it is considered that there is little change in
tx with time.

The T shown in Equation (7) is the speed at which a basic-
trained person performs a task. In practice, it is difficult to
know the exact 71 because the decommissioning task is be-
ing performed by a skilled worker. In previous research, the
L of a skilled worker was calculated as 3.06 hours for decom-
missioning a bio-shield. A correction based on this value was
required. To determine the initial value T3, the gradient was
analyzed when tx reached 3.06 hours, while attempting and
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adjusting an arbitrary value of T1.

In the dismantling of NPPs, the nature of the task makes it
difficult for a basic-trained worker to participate in the task.
Therefore, prior to the dismantling, the worker will undergo
mock-up training using DWS to minimize the risk and en-
sure safety. The minimum training time can be defined by
the Enforcement Rules of the Construction Machinery Man-
agement Act [25]. According to the Act, 6-8 hours of educa-
tion are required for theory, and 6-12 hours are required for
practice. Although there is no equipment equivalent to a
DWS, it is assumed that the training is performed for 3 days,
considering the maximum training time in the Enforcement
Rules.

3. Training Optimization

Based on the evaluated LFCM and the dose assessment
data, a detailed optimization analysis can be carried out. In
the derived scenario in Section 2.2, the workload should be
900 tasks with 15 floors, 20 blocks, and three faces. Dividing
the individual doses obtained earlier by the annual dose lim-
it, the number of teams is calculated not to exceed the annu-
al dose limit of the individual. Here, the team derived in pre-
vious studies for each task is made up of workers performing
different tasks, it can also be viewed as the number of shift
workers. The required number of teams was considered as P,
and it was calculated according to Equation (8),

P= ®)
where

I=Total occupational exposure for the same work (mSv),

A= Annual dose limit (mSv) =20 mSv.

The total occupational exposure for the same work derived
in previous research was 530 mSv in wet cutting; therefore,
30 teams were required. Then, the amount of work for each
team was calculated as 900/30 =30 units. The total working
time of all teams can be calculated by multiplying the time it
takes for each team to work by the number of teams. Using
Equation (8), the time required for a team to achieve a cer-
tain amount of work can be calculated.

Results and Discussion

For the evaluation, the result of analyzing the gradient of £
and the work time to reach reference tx, as a function of an
arbitrary T: in the LFCM. The change in both values is shown
in Fig. 2. The gradient of . indicates the level of change in #x
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Fig. 2. Gradient of t; and the work time to reach reference tx, as a
function of an arbitrary T.

for the first 10 minutes after starting the first task, and the
working time is the time it takes to satisfy the criteria of skilled
workers when performing tasks according to the scenario.
The larger the gradient of tx, the faster the worker’s learning
proceeds. As a result of checking the change of . for gradient
every 10 minutes, the valid range of values was 3.06 hours
< T1<6.5 hours. The minimum value of T; is 3.06 hours, and
in the case where 7 hours was exceeded, a reference tx, of
3.06 hours was not derived. Therefore, the range of possible
T: values is considered from 3.06 hours to 6.5 hours. The gra-
dient of #x decreases and the work time to reach it increases
as Ti increases. It can be predicted that, as 71 increases, the
time required for a worker to become skilled increases, and
the performance becomes saturated in the case of a skilled
worker. For the LFCM analysis, 6.5 hours was determined as
the reference 7. The change in time required to work on a
unit was analyzed by applying the LCFM to the derived refer-
ence Th.

Fig. 3 shows the change in time required to work on a unit
immediately on the first day of work. It can be seen that the
work efficiency is inversely proportional to the time #x re-
quired for a unit of work. £« decreased from 4.61 hours to
4.13 hours, and the changes are stagnant during the lunch
and break times. Fig. 4 shows the result of analyzing the learn-
ing effect over a long period (6 months), as this trend is accu-
mulated.

The initial working time ended at 4.13 hours on the first
day. However, within a month, the working time was re-
duced to less than 3.2 hours. In this graph, only changes in tx
during weekdays were considered. Therefore, a steady de-
crease in fx is observed when the worker engages in the work

24 www.jrpr.org
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Fig. 3. Short-term learning effect on wet cutting as a function of
work time, t.
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Fig. 4. Long-term learning effect for wet cutting.

process for a period of 5 days. A sharp increase in £ appears
after the 2-day weekend; however, it does not appear on the
graph. As time passes, the gradient of #x decreases, and the
time tends to converge. To better identify these trends, the
5-day values were averaged into a weekly average value, and
are shown in Fig. 5.

Fig. 5 shows an exponential function of 5-point average for
tx. By fitting this graph, the following equation can be de-
rived.

y = 0.93¢ 631 +2.98 )

The R? value of the fitting function was calculated to be
0.99, indicating that the fitting function makes a good repre-
sentation of the data trend. Considering that the LFCM is in
the form of an exponential function, it can be considered ac-
ceptable that the derived function converges to 2.98 hours to

https://doi.org/10.14407/jrpr.2022.00031
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Fig. 5. Five-point average of tx as a function of work time, t.

Table 2. Accumulated work units per working day (d)

Working day (d) Accumulated work unit
2 3.15
4 6.47
6 10.20
8 13.98
10 17.91
12 22.09
14 26.01
16 30.23
18 34.38

complete a unit of work as time increases. The fitting func-
tion is simpler than the Equations (1)-(7) used for evaluation
and can be useful for trend analysis and subsequent train-
ing-days optimization.

The accumulated work units can be calculated by accumu-
lating the x; in the LCFM, and the results are listed in Table 2.
Because the number of teams is derived as 30, the accumu-
lated number of work units must exceed 30 to fit the total of
900 work units. Table 2 shows that 30 tasks were completed
within 16 days. Thus, for exposures below the annual dose
limit, 30 teams can complete the dismantling of the radioac-
tive concrete by working in 16 days. If mock-up training using
DWS similar to the actual work is performed to gain experi-
ence, the work efficiency can be increased while reducing
the working time in the radiation work area. Moreover, the
efficiency based on the training can be calculated by com-
paring the accumulated number of work units for 16 days.
To analyze the training effect, the increase in the number of
work units over training days was analyzed, as shown in Fig. 6.
Through this analysis, it can be confirmed how much the work-
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Fig. 6. Change in the accumulated number of work units for 16 days
of working after training.

load increases when performing the same task according to
the number of training days.

The change in the accumulated number of work units af-
ter training showed a significant increase in performance
when training was performed in advance, as shown in Fig. 6.
In 5 days, the accumulated number of work units for the
same amount of time increased by about 6%, from 30.2 units
to 32.1 units. As the number of training days increased, the
accumulated work-unit value continued to increase; however,
the increase became smaller over time. For a detailed analy-
sis, the efficiency according to the number of training days
was analyzed, as shown in Fig. 7. The training efficiency was
considered as the gradient (dx/dtx) between the numbers of
the two nearest work units.

Fig. 7 shows that the efficiency of the training tends to de-
crease over time, compared to the first few days. A sharp de-
crease in efficiency is shown in some sections. This is because
a weekend is included in the 16-day work process; hence,
the efficiency decreases, owing to the forgetting effect. If the
work start date is Monday, an additional weekend is added,
and the work is performed with decreased efficiency on the
last day. Therefore, it may be more efficient to do the actual
work earlier than this date.

By using the derived LFCM and the dose assessment re-
sults, it is possible to calculate the change of collective dose
corrected by learning according to the number of training
days, where the individual dose is kept lower than the annual
dose limit, as shown in Equation (8). For the analysis, the
doses of the basic-trained workers, workers with an addition-
al 5-day training, and skilled workers were compared, as
shown in Table 3.
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Fig. 7. Efficiency changes according to training time.

Comparing the working time between skilled workers and
basic-trained workers shows a 16.9% difference. Therefore, it
is desirable for skilled workers to perform tasks in terms of
speed and safety and due to the nature of the decommis-
sioning environment. In addition, it is necessary to analyze
whether it is good for workers to receive training. Based on
the difference in working time, it is possible to optimize the
conditions, according to ALARA, in consideration of the ra-
diological, social, and economic gains and losses from the
collective dose and training.

Conclusion

In this study, work times and collective doses were calcu-
lated by correcting the LFCM in the decommissioning of a
nuclear facility. The LFCM was analyzed, and input values
and scenarios were analyzed for substitution into the D&D
process of a nuclear facility. Based on the analyzed scenario,
the efficiency change of the worker according to the work
days was analyzed, and the change in the work time, accord-
ing to the training days, was also calculated. Finally, the change
in total working time and collective dose, according to the
learning, were calculated with correction by the LFCM for
the dose assessment for the concrete D&D work at the nu-
clear facility.

By using these research methods and models, it was pos-
sible to calculate the change in the efficiency of workers
performing new tasks in the D&D process and the corre-
sponding reduction in the work time and collective dose. In
the case of the assumptions used here, the index and param-
eter mainly used in general industries were used. Since the

26  www.jrpr.org

Table 3. Reduced work time and dose by skilled workers for wet
cutting

Basic 5 days additional ~ Skilled

training training worker

Total working time (hr) 3,220 3,032 2,754
Collective dose (man-mSv) 1,856 1,749 1,588

D&D process in NPP is performed in a limited space, there
may be differences in the learning process and index setting
performed in previous studies. As related research pro-
gresses, correction by the LFCM can be used as a tool to op-
timize work according to the ALARA principle by applying
the efficiency and safety evaluation based on the learning
model to the worker dose evaluation. In addition to the
mock-up training, quantitative analysis of how the efficien-
cy of real workers changes through cognitive learning, such
as training using virtual reality, can be performed, and it
can be used to analyze the effect of new technology intro-
duction.
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