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1.  Introduction

Regional small and medium-sized passenger 

railroad companies in Japan have been facing difficult 

management situations. On one hand, the number 

of passengers has decreased due to a population 

decline along the railroad line and on the other hand, 

facilities maintenance costs have grown, making up 

a larger percentage of the total cost. In the first half 

of 2017, train derailment accidents caused by ageing 

wooden sleepers occurred one after another in the 

three small and medium-sized passenger railroad 

companies, and safety measures for these companies 

have become an important issue.

Many regional small and medium-sized passenger 

railroad companies in Japan have implemented track 

improvements such as replacing light rails with 

heavier ones and replacing wooden sleepers with 

concrete ones. Based on the data in this study, more 

than 70% of Japanese regional small and medium-

sized passenger railroad companies have introduced 

heavy rails or concrete sleepers in the 20 years from 

FY 1994 to FY 2013. Such track improvements not 

only increase the strength of the track equipment 

and improve safety, but also reduce the frequency 

of required track maintenance, which is expected to 

reduce costs [Japan Railway Construction, Transport 

and Technology Agency, 2008a, b]. However, track 

improvement is a large capital investment, and it is 

difficult for railroad companies to implement it with 

their own funds, so the national and local governments 

provide subsidies for track improvements.

Here, a certain period of time (for example, 10 

years) is required before the track maintenance cost 

reduction effect appears after the implementation 
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of track improvements because track maintenance 

workers need to be skilled [Board of Audit of Japan, 

2016]. It is important to determine exactly after how 

many years the cost reduction effect would occur 

and how much cost reduction can be expected, as 

it would help railroad companies and governments 

gain clarity on the policy implications of track 

improvements, and help them take well-informed 

decisions.

Regarding the effect of track improvements on 

track maintenance cost, many quantitative analyses 

have been made. For example, Johansson and Nilsson 

[2004] conducted an empirical analysis of Swedish and 

Finnish railroads, Wheat and Smith [2008] analyzed 

British railroads, and Odolinski and Smith [2016], 

and Odolinski and Nilsson [2017] analyzed Swedish 

railroads. However, these studies have produced 

inconsistent conclusions. Some of them found that 

costs can be reduced by track improvements, while 

others did not. For example, in Swedish and Finnish 

railroads, track maintenance cost is significantly 

lower if the track quality (track weight, type of 

sleepers, and welded rail usage) is high [Johansson 

and Nilsson, 2004], while in British railroads, track 

maintenance cost is significantly higher if the track 

quality (welded rail usage) is high [Wheat and Smith, 

2008]. On the other hand, empirical studies by 

Odolinski and Smith [2016] and Odolinski and Nilsson 

[2017] found no significant correlation between track 

quality and maintenance costs in Swedish railways.

All these previous studies, except Odolinski and 

Nilsson [2017], estimated static models, which did 

not take into consideration the time period required 

for the cost reduction effect to appear after track 

improvements. Odolinski and Nilsson [2017] used 

a dynamic panel model. However, estimating how 

much the cost changes in a certain period and 

also estimating its precise standard errors for null 

hypothesis testing is difficult with a dynamic panel 

model. These might be the reasons for the uneven 

conclusions of these previous studies.

Kitamura [2017, 2018] adopted Japanese small and 

medium-sized passenger railroad companies’ data, 

estimated distributed lag model, and found that an 

increase in the adoption rate of concrete sleepers 

every year might increase total factor productivity 

(TFP) after more than 10 years, and found no 

significant correlation between the adoption rate of 

heavy rails and TFP. However, the study did not 

shed light on the effect on track maintenance costs.

Therefore, the current study aims to determine the 

period after which the effect of track improvements 

on track maintenance cost appears and the long-run 

savings in track maintenance costs for regional small 

and medium-sized passenger railroad companies in 

Japan. To achieve this objective, this study estimates 

the distributed lag model as Kitamura [2017, 2018] 

did. We regress the track maintenance cost on the 

current and past adoption rates of heavy rails and 

concrete sleepers and obtain the long-run impact of 

installing heavy rails and concrete sleepers on track 

maintenance costs.

The remainder of this paper is structured as 

follows. Section 2 explains the background of this 

study. Section 3 explains the empirical analysis 

method, and Section 4 explains the data used for 

the analysis. Section 5 presents the results of the 

analysis, and Section 6 discusses the results. Section 

7 presents the conclusions of this study and the 

remaining issues.

2.  Background

1)�  Track Improvements in Japanese Railroad 

Companies

In Japan, track weight is measured in weight per 

meter. Some companies use rails of less than 30kg/m, 

while others use rails of 60kg/m and over. Replacing 

light rails with heavier ones not only increases the 
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strength and improves safety, but also reduces the 

maintenance cost of the track and labor costs for 

maintenance [Japan Railway Construction, Transport 

and Technology Agency, 2008a]. Therefore, a 

reduction in track maintenance cost is expected due 

to the introduction of heavy rails.

There are several types of sleepers. Originally, 

many railroad companies used wooden sleepers. 

However, an increasing number of companies are 

replacing them with concrete sleepers. Concrete 

sleepers not only increase strength and durability of 

the tracks, but also reduce the frequency of track 

maintenance [Japan Railway Construction, Transport 

and Technology Agency, 2008b]. Therefore, there 

is a possibility that the track maintenance cost can 

be reduced by installing concrete sleepers. Track 

improvements, such as introducing heavy rails and 

concrete sleepers, have been on the rise, especially in 

regional small and medium-sized passenger railroad 

companies in Japan. Based on the data in this study, 

out of 32 companies that existed consistently from 

FY 1994 to FY 2013, 29 companies (91%) exhibit 

an increased adoption rate of 50kg/m and over 

rails or concrete sleepers in the 20 years. Of the 29 

companies, 23 companies increased both the adoption 

rate of 50kg/m and over rails and concrete sleepers, 

while 3 companies have increased only the adoption 

rate of 50kg/m and over rails, while the remaining 3 

companies have increased only the adoption rate of 

concrete sleepers over the 20 years from FY 1994 

to FY 2013. The average adoption rate of 50kg/m 

and over rails and concrete sleepers among the 32 

companies mentioned above has also increased over 

the 20 years. Figure 1 shows the transition of the 

average adoption rate of 50kg/m and over rails and 

concrete sleepers among 32 companies. According 

to this figure, the average adoption rate among 32 

companies has increased by about 21 percentage 

points for 50kg/m and over rails, and by about 8 

percentage points for concrete sleepers over the 20 

years, respectively.

2)  Derailment Accidents Due to Track Deterioration

In the first half of 2017, three train derailment 

accidents occurred in Japanese small and medium-

sized passenger railroad companies. First, a train 

derailed on January 22, 2017 at Kishu Railway, 

followed by February 22 at Kumamotodentetsu, 

and on May 22 at Watase Keikoku Railway. These 

Figure 1　Changes in Average Adoption Rates of Improved Tracks of the 32 Railroad Companies in This Study
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derailment accidents were all caused by ageing 

wooden sleepers and rail fastening devices [Japan 

Transport Safety Board, 2018a, b].

In response to these incidents ,  the Japan 

Transport Safety Board submitted “Opinion 

Regarding Prevent ion of  Train Derai lment 

Accidents due to Track Gauge Spread” to the 

Minister of Land, Infrastructure, Transport and 

Tourism, the regulatory minister, on June 28, 2018. 

In that document, the Board urged the Minister 

to instruct each railroad company to promote 

measures to prevent derailment accidents such as 

introducing concrete sleepers [Japan Transport 

Safety Board, 2018a]. The Minister acted upon this 

recommendation by instructing the director of the 

railroad department of each regional transportation 

bureau to review the management of sleepers and 

take necessary measures.

As a result ,  track improvements ,  such as 

introducing concrete sleepers, came to be viewed as 

an important and urgent issue.

3.  Methodology

This study assumes the following distributed lag 

model in order to measure the long-run impact of 

track improvements, such as introducing heavy rails 

and concrete sleepers, on track maintenance cost.

(1)

where TMCit is the track maintenance cost for 

company i in year t , HRit is the adoption rate of 

heavy rails (for example, 50kg/m and over rails), 

CSit is the adoption rate of concrete sleepers, Qit is 

the transport volume, Nit is the network size, and 

uit is the disturbance term. Because HRi,t-s is not 

logarithmic, the coefficient of it, δS
HR, indicates that 

the track maintenance cost in year t will increase by 

δS
HR% if the adoption rate of heavy rails at year t－ s 

increases by 1 percentage point. Similarly, CSi,t-s is not 

logarithmic. We define θHR and θCS as follows:

(2)

(3)

θHR is the long-run elasticity of track maintenance 

cost with respect to the adoption rate of heavy rails. 

This indicates that the track maintenance cost will 

increase by θHR% after S years if the adoption rate 

of heavy rails increases by 1 percentage point every 

year. Similarly, θCS is the long-run elasticity of track 

maintenance cost with respect to the adoption rate 

of concrete sleepers. This indicates that the track 

maintenance cost will increase after S years if the 

adoption rate of concrete sleepers increases by 1 

percentage point every year. The long-run elasticity 

θHR and θCS are the parameters of interest in this 

study. 

Substituting (2) and (3) into (1), we obtain

(4)

By estimating this form of equation, it becomes 

possible to obtain the standard error of long-

run elasticity θHR and θCS while relaxing the 

multicollinearity of the lagging explanatory variables 

in (1) [Wooldridge, 2013]. Therefore, this study 

estimates (4). For details on the distributed lag 

model, see Wooldridge [2013].

4.  Data

In this study, we use annual panel data for regional 

small and medium-sized passenger railroad companies 

in Japan. The data was obtained from annual rail 

statistics (each year edition) published by the Ministry 

of Land, Infrastructure, Transport, and Tourism. The 

period for analysis was 20 years from FY 1994 to 

FY 2013. The companies to be analyzed are those 

that use only electric cars among private and third 
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sector companies. In Japan, third sector companies 

are companies that have both private and public 

stakeholders. Companies that use diesel cars may have 

a different cost structure from those that use only 

electric cars, and if they are included in our data, they 

may affect the analysis results. For similar reasons, 

third-sector companies with routes that are along high-

speed lines and were operated by private operators 

before the opening of the high-speed lines were also 

excluded from the sample. As a result, the number 

of companies in the sample was 45. However, some 

companies entered or exited during the 20 years, while 

32 companies existed throughout the 20-year period. 

The total number of observations was 785.

In this study, large railroad companies and urban 

railroad companies were excluded from the sample. 

This is because these companies had almost 100% 

adoption rate of heavy rails and concrete sleepers as 

of FY 1994.

Among the variables in the model in the previous 

section, the track maintenance cost is a monetary 

variable, so it is transformed into a real variable by 

dividing it by the domestic corporate price index 

(gross average) published by the Bank of Japan. In 

this study, a heavy rail is defined as a rail weighing 

50kg/m or more, and its adoption rate variable is 

created by dividing the distance of its main track by 

the main track length. The adoption rate variable 

of concrete sleepers was created by dividing the 

distance along which concrete sleepers were adopted 

by the total distance along which the sleepers were 

laid. The transport volume and network size are 

the passenger kilometers and operating kilometers, 

respectively. The passenger kilometers index 

becomes 1 unit if a passenger travels 1km. Table 

1 shows the descriptive statistics for each variable 

used in the empirical analysis in this study. From 

this table, it can be seen that there are companies 

that do not adopt 50kg/m and over rails at all in a 

year, while there are companies in which all tracks 

are installed with 50kg/m and over rails in a year. 

Regarding the adoption rate of concrete sleepers, 

there are companies that do not adopt them all in a 

year, while there are companies where the adoption 

rate of concrete sleepers is 97% in a year.

5.  Empirical Results

We estimated the distributed lag model (4), 

described in Section 3, beginning from maximum lag 

S＝0 order  and then progressively increased value 

of S by one (S＝1, S＝2, and so forth). If S is 18 or 

less, we can estimate the models. Table 2 shows the 

estimation results from “the model taking up to 10 

years lag (S＝10)” to “the model taking up to 18 years 

lag (S＝18).”(1) The number of observations is not 

necessarily “20 minus the lag length” multiplied by 

the number of companies because some companies 

entered or dropped during the sample period—

20 years. In addition, for almost all companies, 

the operating kilometers, one of the explanatory 

variables of the model, is constant over time, so we 

did not assume a fixed effect model.(2)

The coefficients of adoption rate of concrete sleepers 

indicate the long-run elasticity of track maintenance 

Table 1　Descriptive Statistics

Variables’ name Mean Median Minimum Maximum Standard Deviation
Track maintenance cost (thousand JPY) 133,843.42 87,379.30 7,140.45 1,436,267.08 137,845.25
Adoption rate of 50kg/m and over rails 0.43 0.34 0.00 1.00 0.37

Adoption rate of concrete sleepers 0.44 0.45 0.00 0.97 0.33
Passenger kilometers 

(thousand people times kilometers) 61,574.96 32,040.00 1,287.00 746,895.00 94,791.08

Operating kilometers (kilometers) 28.36 20.60 4.20 100.50 21.31
Note: The number of observations was 785.
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cost with respect to concrete sleepers ratio, the 

estimates of θCS in the equations (3) and (4). For all 

models shown in Table 2, the sign of the coefficients of 

adoption rate of concrete sleepers are negative. The 

coefficients of concrete sleepers’ adoption rate show 

statistical significance at the 10% significance level in 

the 11-year and 18-year lag models, 5% significance 

level in the 12-year, 13-year, 14-year, and 17-year lag 

models, and 1% significance level in the 15-year and 

16-year lag models, respectively.

Furthermore, the coefficients of the adoption 

rate of 50kg/m and over rails indicate the long-run 

elasticity of track maintenance cost with respect 

to 50kg/m and over rails ratio, the estimates of  

θHR in the equations (2) and (4). Unlike the coefficients 

of concrete sleepers’ adoption rates, the sign of 

the coefficients of the adoption rate of 50kg/m 

and over rails are positive for all models shown in 

Table 2. The coefficients of 50kg/m and over rails’ 

adoption rate show statistical significance at the 10% 

significance level in the 14-year lag model, and 5% 

significance level in the 15-year, 16-year, and 17-year 

lag models, respectively.

In these models, there are coefficients of the 

difference in the adoption rates, for example, the 

coefficients of “the concrete sleeper ratio in t－10 

year minus that in t year.” These are the coefficients 

of 50kg/m and over rails’ adoption rate in t－s year, 

δS
HR, and the coefficients of concrete sleepers’ adoption 

rate in t－s year, δS
CS, in the equations (1), (2), (3), and 

(4). As shown in the equation (2) and (3) in section 3,  

θHR is sum of the δS
HR from s＝0 to s＝S, and θCS is sum 

of the δS
CS from s＝0 to s＝S. Some coefficients of the 

difference show statistical significance at the 10%, 

5%, or 1% significance levels, and other coefficients 

of the difference do not show statistical significance 

at any conventional significance levels. Note that the 

estimates of θHR is the sum of not only the statistically 

significant estimates of δS
HR but also the statistically 

insignificant estimates of δS
HR for all s. The same 

applies to θCS.

The variance inflation factor of 50kg/m and 

over rails ratio, HRit in the equation (4), and that 

of the concrete sleepers ratio, CSit in the model (4), 

range from 1.21 to 2.91 and do not exceed 10 for all 

models shown in Table 2. This indicates that there 

is no evidence that the coefficients of these two 

variables suffer from multicollinearity. There is thus 

the possibility that the standard errors of long-run 

elasticity θHR and θCS are estimated precisely.

In addition, for all models shown in Table 2, the 

coefficient of passenger kilometers representing the 

amount of traffic is statistically significant at the 

significance levels of 1%, and the sign is positive. This 

result is consistent with the results of Johansson and 

Nilsson [2004], Wheat and Smith [2008], Odolinski and 

Smith [2016], and Odolinski and Nilsson [2017].

Furthermore, the coefficients of operating 

kilometers representing the size of the network show 

a positive sign. They show statistical significance at 

the 10% significance levels in the 13-year, 14-year, 15-

year, 16-year, and 17-year lag models.

Depending on the number of the maximum lags of 

the models, statistical significance of each coefficient 

changes. However, the sign of the coefficients of 

the two adoption rates, passenger kilometers, and 

operating kilometers is the same for all models. The 

results are thus almost robust for the lag length of 

the models.

Looking at the goodness of fit of the model with 

Adjusted R-squared, “Adjusted R-squared” of the 

model that took up to 18 years lag (S＝18) was the 

highest, with a value of 0.878. Therefore, we discuss 

the 18-year lag model hereafter.

In the 18-year lag model, the sign of the coefficient 

of adoption rate of concrete sleepers is negative and 

shows statistical significance at the 10% significance 

level. Since the coefficient is −0.714, it can be 
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interpreted that if the railroad company increases 

the concrete sleepers ratio by 1 percentage point 

every year, the maintenance cost will be reduced 

by 0.714% in 18 years. Although this is not directly 

comparable because of the different definitions of 

track improvements, it is consistent with the results 

by Johansson and Nilsson [2004] demonstrated in 

Swedish railways that derived the results that the 

higher the track quality index, the lower the track 

maintenance cost. On the other hand, the sign of the 

coefficient of the adoption rate of 50kg/m and over 

rails, the long-run elasticity of track maintenance 

cost with respect to 50kg/m and over rails ratio, is 

positive and does not show statistical significance 

at any conventional significance level, which means 

that the maintenance cost reduction effect due to 

introducing heavy rails was not detected.

Due to the small number of observations, 64, we 

need to carefully interpret the results from the 18-

year lag model. However, a positive coefficient of the 

50kg/m and over rails ratio and negative coefficient 

of concrete sleepers ratio are obtained in the other 

models with more observations and a smaller lags 

(97 observation for 17-lag, 132 observation for 16-lag, 

among others). Furthermore, the coefficients of the 

concrete sleepers ratio show statistical significance 

at the 10%, 5%, or 1% significance level when the lag 

of the model is 11 or more. Therefore, the results are 

almost robust as mentioned before.

6.  Discussion

1)�  Interpretation of Estimation Results of Long-run 

Elasticity

As described in the previous section, as a result 

of estimating the distribution lag model, we revealed 

that the track maintenance cost of railroads would 

be reduced by 0.714% in 18 years if the adoption rate 

of concrete sleepers increased by 1 percentage point 

every year. Although these cost savings are small 

relative to track maintenance costs, it is important 

to reduce any costs for railroad companies that face 

severe financial situations.

As opposed to concrete sleepers, since the estimated 

coefficient of the adoption rate of 50kg/m and over 

rails, no long-run track maintenance cost reduction 

effect was observed with respect to introducing heavy 

rails. The reason for this result is that replacing 

wooden sleepers with concrete sleepers is a change 

to a product made from another raw material, while 

replacing light rails with heavier ones is just a change 

in the weight of the product made from the same 

raw material. Therefore, the change in the resistance 

(strengthening) of the track equipment will be smaller 

when the weight of the rail is increased compared to 

when the wooden sleepers are replaced by concrete 

ones. Hence, by installing concrete sleepers, railroad 

companies will not only improve safety and prevent 

derailment accidents caused by track gauge spread, 

but will also achieve long-run cost reductions and 

survivability improvements.

2)  Robustness Check

As the maximum lag of the distributed lag model 

increases, the number of railroad companies in the 

sample decreases gradually, from 45 companies in the 

models with non-lag to 32 companies in the models 

with 18-year lags—via 39 companies in the model with 

10-year lags. This is because the data are unbalanced 

panel: some companies entered and exited during 

the study period as mentioned in section 4. However, 

there is the possibility that companies’ cost structure 

changes largely in the years when they enter or drop 

from the market. This subsection examines whether 

the main results are robust when we use only the 32 

companies that existed throughout the 20-year period, 

the balanced panel data.

Using the 32 companies, we estimated the 

distributed models, beginning from maximum lag 

order  and then progressively increased value of  by 
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one (S＝1, S＝2, and so forth) again. Table 3 shows 

the results from “the model with 10-year lags” to “the 

model with 18-year lags.”

The 18-year lag model estimated by using the 

unbalanced panel data shown in Table 2 was 

estimated by using the 32 companies that existed 

throughout the 20-year period. So, the results of the 

18-year lag model estimated by using the unbalanced 

panel data shown in Table 2 are the same as those of 

the 18-year lag model shown in Table 3.

We obtained substantially similar results to those 

of the unbalanced panel reported in Table 2. For all 

models shown in Table 3, the sign of the coefficients of 

adoption rate of concrete sleepers are negative. The 

coefficients of concrete sleepers’ adoption rate show 

statistical significance at the 10% significance level in 

the 10-year, 11-year, 12-year, and 18-year lag models, 

the 5% significance level in the 13-year, 14-year, 15-

year, 16-year and 17-year lag models, respectively. 

The sign of the coefficients of the adoption rate of 

50kg/m and over rails are also positive for all models 

shown in Table 3. The coefficients of 50kg/m and over 

rails’ adoption rate show statistical significance at the 

10% significance level in the 14-year lag model, the 

5% significance level in the 15-year, 16-year, and 17-

year lag models, respectively. Although the statistical 

significance of the coefficients changed slightly, the sign 

of coefficients is the same as the results of unbalanced 

panel data. Furthermore, in the model estimated by 

using the 32 companies’ balanced panel data, the model 

with the highest Adjusted R-squared was the 18-year 

lag (S＝18) model. Therefore, the results are robust for 

the railroad companies included in the sample.

7.  Concluding Remarks

In Japan, regional small and medium-sized 

passenger railroad companies have faced difficult 

business conditions, and train derailment accidents 

have occurred because of track gauge spread 

resulting from ageing wooden sleepers. It is said that 

track improvements, such as replacing light rails 

with heavier ones and replacing wooden sleepers 

with concrete ones, not only increase the strength of 

the track facility and improve safety, but also reduce 

the required track maintenance frequency, which 

leads to cost reduction. In addition, replacing wooden 

sleepers with concrete ones might prevent track 

gauge spread and derailment accidents caused by it. 

However, a certain period of time is required before 

the track maintenance cost reduction effect appears 

after the implementation of track improvements 

because track maintenance workers need to be 

skilled. Therefore, this study attempts to clarify how 

many years it will take for the track maintenance 

costs to show a reduction after conducting track 

improvements and to what extent track maintenance 

costs will be reduced during that period by adopting 

panel data of small and medium-sized regional 

passenger railroad companies in Japan. 

The empirical results indicate that if the adoption 

rate of concrete sleepers increased by 1 percentage 

point every year, track maintenance cost would 

be reduced by 0.714% in 18 years. However, there 

was no long-run track maintenance cost reduction 

effect with regard to introducing heavy rails. This 

is because replacing wooden sleepers with concrete 

ones is a change to products made of different raw 

materials, while replacing light rails with heavier 

ones is a replacement for products made of the same 

raw materials, and the change in the tolerance of the 

track equipment will be smaller when introducing 

heavy rails than when introducing concrete ones. 

Track improvements are a large capital investment, 

and it is difficult for railroad companies to carry 

them out with their own funds, but national and 

local governments have provided subsidies for track 

improvements. Therefore, with the help of public 

subsidies and by focusing on introducing concrete 
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sleepers, it is possible for railroad companies to 

achieve a reduction in total cost and improve 

management performance in the long-run. Apart 

from these long-term benefits, the immediate benefits 

would be improved safety and prevention of train 

derailment accidents caused by track gauge spread. 

This study has several limitations. First, although 

the explained variable of the distributed lag model in 

this study is defined as the track maintenance cost, 

the input price is not included in the explanatory 

variable, which is different from the normal cost 

function. However, input prices, such as the wages 

of track maintenance workers and the price of 

equipment used for maintenance, might have an 

impact on track maintenance costs. Future studies 

could control the input prices and derive a more 

precise measure of the effect of track improvements. 

Second, we could not determine whether the 

reduction in track maintenance cost was larger than 

the investment cost for track improvements because 

the data on the price of heavy rails and concrete 

sleepers is not available. This evidence needs to be 

shown and provided for decision making by railroad 

companies and governments. Finally, this study 

did not clarify the considerable differences in the 

adoption rates of improved tracks, time taken to 

start upgrading rails and sleepers, or the speed of 

progress of track improvements among companies 

because these are beyond the scope of this study. 

Furthermore, there is a possibi l ity that the 

technology of track improvements and the material 

of the track differ depending on the time. Therefore, 

if railroad companies conduct track improvements 

early, their track maintenance cost at that time 

might be high. Future research should explore 

the companies’ decisions on whether and when to 

improve their tracks. Despite these limitations, we 

make a meaningful contribution by quantitatively 

showing that installing concrete sleepers is likely to 

reduce track maintenance costs in the long run.
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Notes

( １)	 As for the models that are not shown in Table 

2, the number of observations is 785 for the 

non-lag (S＝0) model, 740 for the one-year lag 

(S＝1) model, 695 for the two-year lag (S＝2) 

model, 650 for the three-year lag (S＝3) model, 

605 for the four-year lag (S＝4) model, 560 for 

the five-year lag (S＝5) model, 517 for the six-

year lag (S＝6) model, 474 for the seven-year 

lag (S＝7) model, 432 for the eight-year lag (S

＝8) model, and 393 for the nine-year lag (S＝9) 

model, respectively. The number of companies 

is 45 for the non-lag, one-year lag, two-year lag, 

three-year lag, and four-year lag model, 43 for 

the five-year lag and the six-year lag model, 42 

for the seven-year lag model, 39 for the eight-

year lag and nine-year lag model, respectively.

( ２)	 We also tried estimating the models whose 

dependent variable is logarithm of “the 

track maintenance cost per operat ing 

kilometers” without using logarithm of the 

operating kilometers as an independent 

variable. However, the results did not change 

substantially. This suggests that the lack of 

variation of the operating kilometers within 

the companies does not affect the results 

significantly. Therefore, we mention the 

estimation results of the equation (4) only.
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