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Abstract 

 

Tokyo Metropolitan Expressway has operated for more than half a century. Recently, serious 

damages in the network have been reported in many of the old routes. In contrast, the 

Metropolitan Expressway has little to none of experience in managing such a situation so far. 

Thus, developing an appropriate management strategy focusing around maintenance is critical 

to the Expressway. The emphasis of this study is placed on the maintenance improvement of 

steel viaducts and the project aims to evaluate its marginal maintenance cost and identify the 

influences on the cost from uncertainties such as earthquakes and future traffic demand from an 

econometric perspective. The study reveals that the traffic volume of passenger cars can be 

identified as a significant factor although the effect of earthquake events on the cost is not 

clearly pronounced. Based on the analyses, it is found that the current maintenance approach is 

capable of dealing with fluctuation of traffic volume, which is the most influential factor. 

Furthermore, an increase in the amount of maintenance works could possibly lower the 

maintenance costs due to the existence of economy of scale. The results also indicate that the 

efficiency of current maintenance method could be improved. 

 

Keywords chosen from ICE Publishing list 

Roads & highways; Viaducts; Economics & finance; Maintenance & inspection 
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AADT – Annual Average Daily Traffic volume 

RTS – Returns To Scale 

SUR model – Seemingly Unrelated to the Regression model 
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Introduction 1 

Tokyo Metropolitan Expressway Company Limited (MECL) has been established in 1959 for the 2 

purpose of reducing traffic congestion in and around Tokyo. Recently, deterioration and various 3 

kinds of damage have become prominent in its structures especially in the old expressway 4 

network. Furthermore, most of the Metropolitan Expressway consists of bridges, tunnels and 5 

semi-underground structures (Metropolitan Expressway Company Limited, 2015). Thus, it is 6 

highly important to understand maintenance costs in the structures in terms of traffic volume. 7 

 8 

Link (2005 and 2014) analysed highway maintenance costs from an econometric viewpoint. 9 

However, he focused only on highways which consist of embankments. Hence, this study 10 

focused on maintenance costs in a steel structure which is one of the main structures in the 11 

Metropolitan Expressway shown in Figure 1 and derived the maintenance marginal cost in 12 

consideration of the influence of traffic volume. In fact, MECL needs to have its own standard to 13 

judge the best maintenance method depending on the structural damage such as general repair 14 

or structural renewal need to be established. Metropolitan Expressway Route 3 Shibuya Line 15 

(“Route 3”), which is one of the oldest expressways constructed in 1967, was focused. 16 

Especially in such old expressways, the suitable maintenance standard is assumed to be 17 

significantly important. Moreover, there have been many earthquakes and they have had large 18 

negative effects on many structures in Japan (Heath, 1995). Although it is difficult to predict 19 

earthquakes precisely, their influences on the maintenance cost should be considered. 20 

Therefore, an analysis of the effects of earthquakes as well as the effects by traffic volume was 21 

implemented. This study will play a role to judge more suitable maintenance method in 22 

consideration of future traffic volume and earthquakes. 23 

 24 

The aim of this study is to identify the influence on the maintenance cost for a steel viaduct in 25 

Route 3 from uncertainties such as earthquakes and future traffic volume and the cost efficiency 26 

of the current maintenance method. 27 

 28 

 29 

2. Literature review 30 



2 
 

Many economic approaches with various functions have been taken to express behaviours of 31 

producers in the past (Ferrier and Lovell, 1990 and Podolny 1993). These approaches can 32 

generally be divided into two parts. The first aims to estimate the largest profits by the use of a 33 

production function (Fare, Grosskopf and Pasurka, 2007). The other is to identify an optimal 34 

marginal cost by using a cost function. The marginal cost estimation has been conducted in 35 

various business sectors such as power generation, water utility, bus management, banking and 36 

agricultural industries (Atkinson and Halvorsen, 1984, Bottasso and Conti, 2009, Mizutani and 37 

Urakami, 1999, Viton, 1981 and Coelli, 1995). Cost functions used in past studies can be 38 

divided into two groups. The first group is a function, which has no theoretical economic 39 

background (Ford and Warford, 1969, Mann and Mikesell, 1976 and Morgan, 1977). The other 40 

is a function based on the economic corporate behaviour principle, where any enterprise seeks 41 

to minimise cost of input factors under production cost as a key criterion (Feigenbaum and 42 

Teeples, 1983, Pulley and Braunstein, 1992 and Kim, 1987). In the former, cost is regarded as 43 

explained variable and the factors considered to influence on the cost is regarded as an 44 

explanatory variable. In the latter, a cost function with an economic theoretical background 45 

expresses a mathematical formula between the cost, production output and input factor, which 46 

is demonstrated in Equation (3). 47 

 48 

Moving on to cost function models, four types of cost function models such as linear, log linear, 49 

Cobb-Douglas and translog models were used in previous research. Linear and log linear cost 50 

function models have no theoretical economic background. On the other hand, other two types 51 

of cost function models such as Cobb-Douglas and translog models are based on theoretical 52 

economic background. Particularly, the translog cost function model introduced by Christensen, 53 

Jorgenson and Lau (1973) is more flexible than Cobb-Douglas model in terms of having the 54 

ability to deal with changeable elasticity of substitution. Thus, it can be assumed that the 55 

translog cost function model express the minimum cost of production more precisely than other 56 

models. Clark and Speaker (1994) calculated scale of economy in the banking business by use 57 

of a translog cost function. As for scale of economy, Deller, Chicoine and Walzer (1988) 58 

researched whether introduction of larger units could achieve cost saving in consideration of 59 

rural road management. 60 
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 61 

Recently, as for highway management, Link (2006) analysed renewal marginal cost in German 62 

highways and the relationship between traffic volume and the renewal cost by using the translog 63 

cost function. Furthermore, Link (2014) analysed the relationship between traffic volume and 64 

maintenance cost, and calculated the cost elasticity and the marginal maintenance cost for 65 

pricing determination. As a result of the research, a decreasing elasticity curve and decreasing 66 

marginal cost curve could be derived. Moreover, the research also provided evidence for price-67 

inelastic factor and existence of returns to scale in the course of road maintenance. As 68 

described above, the translog approaches have been adopted to evaluate various kinds of 69 

public infrastructure industry. Meanwhile, MECL which runs the Metropolitan Expressway has 70 

consistently managed the expressway and has attached the heaviest weight to achieving the 71 

highest user convenience at a minimal cost since its establishment (Metropolitan Expressway 72 

Company Limited, 2017a). In other words, the company has not always run its expressway to 73 

maximise its profit margin as its focus is the public good. Hence, using a translog approach 74 

which is appropriate for deriving cost minimising behaviour is assumed to fit the corporate 75 

mission. Furthermore, it should be crucial for the company which owns various kinds of roads to 76 

understand their optimal maintenance cost and the factor with uncertainty which influences 77 

positive and negative impact on them.  Thus, this study analysed optimal maintenance cost and 78 

the influential factors in a steel road structure nobody has ever tackled. 79 

 80 

3. Maintenance methods for the Metropolitan Expressway 81 

Since the total length of Metropolitan Expressway is more than 300km and its structure types 82 

have gradually become diverse since it opened, MECL created an inspectional manual for 83 

maintaining the expressway. In addition to that, MECL has undertaken effective and timely 84 

renewal of the manual. The manual shows the flow of inspection, the type of inspection 85 

depending on the purpose and the situation, the method, required skills and qualifications for a 86 

maintenance engineer and the standard for inspectional results. The criteria to judge the 87 

necessity of maintenance is quite important among it. When structures are inspected, the spots 88 

are classified according to 4 grades of seriousness listed in Table 1. Fundamentally, serious 89 

damage classified as rank A or B are regarded as needing to be repaired in the maintenance 90 
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strategy. Therefore, maintenance costs analysed in this study are caused by the maintenance 91 

works for damage classified as rank A and B. Furthermore, the manual evaluates grades of 92 

damages in consideration of the effects on the performance required for a structure. As Table 2 93 

shows, the performance can be categorised into “safety”, “usability” and “sociality”. Although 94 

safety and usability are obviously important, MECL regards sociality to be as important as other 95 

two performances. Note that “Sociality” means harmony of the expressway and the environment 96 

along it in terms of its appearance, noise, vibration and so on. The Metropolitan Expressway 97 

exists almost solely in the most densely populated areas in Japan. Therefore, the way of 98 

grading damage is assumed to be focused more on sociality than other Japanese roads. 99 

 100 

 101 

4. Methodology 102 

4.1 Translog cost function method 103 

As mentioned before, many scholars have used economic approaches such as cost functions to 104 

identify relationships between cost, output and factor of production. In addition, Coelli (1995) 105 

stated a cost function can represent a minimum cost from a given series of inputs, whereas a 106 

production function can represent maximum output. Since MECL considers minimum-cost 107 

management as a corporate mission, this study also aims to identify a minimum operational 108 

cost. Specifically, a translog cost function was used to analyse the relationship between 109 

maintenance cost, traffic volume as an output, and maintenance marginal cost for a criterion to 110 

introduce a feasible maintenance plan. The analysis period was 10 years between 01/04/2007 111 

and 31/03/2016. Characteristically, annual average daily traffic volume (“AADT”) of passenger 112 

and large-sized cars were used as a main explanatory variable. Earthquake frequency was also 113 

used as an explanatory variable. Furthermore, labour cost, material and machinery cost 114 

("material cost"), and capital cost are necessary to implement expressway maintenance and are 115 

considered as factors of production. The damage which needs maintenance works is assumed 116 

to be reflected in levels of maintenance costs. 117 

 118 
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The meaning and derivation of a translog cost function are explained as follows. First, when 𝑥𝑖 119 

is factors of production and output Y is an input of factors of production, a production function 120 

can be shown below. 121 

 122 

𝑌 = 𝑓(𝑥1, 𝑥2, 𝑥3, ⋯ ) 

𝑥𝑖 ; 𝑓𝑎𝑐𝑡𝑜𝑟𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 

(1) 123 

 124 

A cost function can be illustrated as a formula (2) because a production function and a cost 125 

function have antipodal relationship each other. 126 

 127 

𝐶𝑜𝑠𝑡 = 𝑔(𝑌1, 𝑌2, ⋯ , 𝑃1, 𝑃2, 𝑃3, ⋯ ) 

𝑌𝑖: 𝐸𝑐𝑜𝑛𝑜𝑚𝑖𝑐 𝑔𝑜𝑜𝑑𝑠 𝑎𝑠 𝑎𝑛 𝑜𝑢𝑡𝑝𝑢𝑡, 𝑃𝑗: 𝑝𝑟𝑖𝑐𝑒 𝑜𝑓 𝑓𝑎𝑐𝑡𝑜𝑟𝑠 (𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛) 128 

(2) 129 

 130 

 131 

When a formula (2) is logarithmic transformed and applied to Taylor’s expansion, formula (3) 132 

can be obtained. 133 

 134 

𝑙𝑛𝐶𝑜𝑠𝑡 = 𝛼0 + ∑ 𝛽𝑖

𝑖

𝑙𝑛𝑃𝑖 +
1

2
∑ ∑ 𝛽𝑖𝑗

𝑗𝑖

𝑙𝑛𝑃𝑖𝑙𝑛𝑃𝑗 + ∑ 𝛾𝑙

𝑙

𝑙𝑛𝑌𝑙 +
1

2
∑ ∑ 𝛿𝑙𝑚

𝑚𝑙

𝑙𝑛𝑌𝑙𝑙𝑛𝑌𝑚

+ ∑ ∑ 𝜌𝑖𝑙

𝑙𝑖

𝑙𝑛𝑃𝑖𝑙𝑛𝑌𝑙 

(3) 135 

 136 

In this study, expressway viaducts focused on were made of steel and constructed in 1967. 137 

AADT of passenger and large-sized cars were denoted by 𝑌𝑝 and 𝑌𝑓 as produced economic 138 

output. Moreover, if labour cost 𝑃𝐿, material cost 𝑃𝑀 and capital cost 𝑃𝐶 are defined as factors of 139 

production, a cost function can be shown below. Capital cost 𝑃𝐶 is regarded as depreciation cost 140 

which annually needs to be paid depending on the size of the expressway asset value. 141 
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 142 

𝐶𝑜𝑠𝑡 = 𝑓(𝑌𝑝, 𝑌𝑓 , 𝑃𝐿 , 𝑃𝑀, 𝑃𝐶 ) 

(4) 143 

 144 

In addition, higher earthquake frequencies tend to increase maintenance cost and was added 145 

as a dummy variable N to a constant term which illustrates environmental condition in the 146 

expressway structure. The essential conditions for homogeneity in price of factors and for 147 

symmetry can be illustrated below (Link, 2006). 148 

 149 

∑ 𝛽𝑖

𝑖

= 1, ∑ 𝛽𝑖𝑗

𝑗

= 0, ∑ 𝜌𝑖𝑙

𝑖

= 0, 𝛽𝑖𝑗 = 𝛽𝑗𝑖 

(5) 150 

 151 

Based on this explanation above, the translog cost function used in this study can be exhibited 152 

below. 153 

 154 

𝑙𝑛𝐶𝑜𝑠𝑡 = 𝑐 + 𝛼 ∙ 𝑙𝑛𝑁 + 𝛽𝐿𝑙𝑛𝑃𝐿 + 𝛽𝑀𝑙𝑛𝑃𝑀 + 𝛽𝐶𝑙𝑛𝑃𝐶 + 𝛾𝑝𝑙𝑛𝑌𝑝 + 𝛾𝑓𝑙𝑛𝑌𝑓

+
1

2
(𝛽𝐿𝐿𝑙𝑛2𝑃𝐿 + 𝛽𝑀𝑀𝑙𝑛2𝑃𝑀 + 𝛽𝐶𝐶𝑙𝑛2𝑃𝐶 + 𝛿𝑝𝑝𝑙𝑛2𝑌𝑝 + 𝛿𝑓𝑓𝑙𝑛2𝑌𝑓) + 𝛽𝐿𝑀𝑙𝑛𝑃𝐿𝑙𝑛𝑃𝑀

+ 𝛽𝐿𝐶𝑙𝑛𝑃𝐿𝑙𝑛𝑃𝐶 + 𝛽𝑀𝐶𝑙𝑛𝑃𝑀𝑙𝑛𝑃𝐶 + 𝛿𝑝𝑓𝑙𝑛𝑌𝑝𝑙𝑛𝑌𝑓 + 𝜌𝐿𝑝𝑙𝑛𝑃𝐿𝑙𝑛𝑌𝑝 + 𝜌𝐿𝑓𝑙𝑛𝑃𝐿𝑙𝑛𝑌𝑓

+ 𝜌𝑀𝑝𝑙𝑛𝑃𝑀𝑙𝑛𝑌𝑝 + 𝜌𝑀𝑓𝑙𝑛𝑃𝑀𝑙𝑛𝑌𝑓 + 𝜌𝐶𝑝𝑙𝑛𝑃𝐶𝑙𝑛𝑌𝑝 + 𝜌𝐶𝑓𝑙𝑛𝑃𝐶 𝑙𝑛𝑌𝑓 

 155 

 156 

(6) 157 

 158 

The cost-share functions in terms of labour, material and capital cost can be shown in equations 159 

(7), (8) and (9) by use of Shephard’s lemma (Shepherd, 1970). 160 

Description of variables

Cost : Maintenance cost ( £/m*year) Y p : Traffic volume of passenger car (vehicles/day)

L : Labour cost (£/m*year) Y f : Traffic volume of large-sized car (vehicles/day)

M : Material cost (£/m*year) N : Earthquake frequency (numbers/year)

C : Capital cost (£/m*year)
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 161 

𝑆𝐿 =
𝜕𝑙𝑛𝐶𝑜𝑠𝑡

𝜕𝑙𝑛𝑃𝐿

= 𝛽𝐿 + 𝛽𝐿𝐿𝑙𝑛𝑃𝐿 + 𝛽𝐿𝑀𝑙𝑛𝑃𝑀 + 𝛽𝐿𝐶𝑙𝑛𝑃𝐶 + 𝜌𝐿𝑝𝑙𝑛𝑌𝑝 + 𝜌𝐿𝑓𝑙𝑛𝑌𝑓 

(7) 162 

𝑆𝑀 =
𝜕𝑙𝑛𝐶𝑜𝑠𝑡

𝜕𝑙𝑛𝑃𝑀

= 𝛽𝑀 + 𝛽𝑀𝑀𝑙𝑛𝑃𝑀 + 𝛽𝐿𝑀𝑙𝑛𝑃𝐿 + 𝛽𝑀𝐶𝑙𝑛𝑃𝐶 + 𝜌𝑀𝑝𝑙𝑛𝑌𝑝 + 𝜌𝑀𝑓𝑙𝑛𝑌𝑓 

(8) 163 

𝑆𝐶 =
𝜕𝑙𝑛𝐶𝑜𝑠𝑡

𝜕𝑙𝑛𝑃𝐶

= 𝛽𝐶 + 𝛽𝐶𝐶𝑙𝑛𝑃𝐶 + 𝛽𝐿𝐶𝑙𝑛𝑃𝐿 + 𝛽𝑀𝐶𝑙𝑛𝑃𝑀 + 𝜌𝐶𝑝𝑙𝑛𝑌𝑝 + 𝜌𝐶𝑓𝑙𝑛𝑌𝑓 

(9) 164 

 165 

The cost-share function can be rearranged below in reference to equations (7), (8) and (9) 166 

(Subal, 1997). 167 

 168 

𝑆𝑖 = 𝛽𝑖 + ∑ 𝛽𝑖𝑗

𝑗

𝑙𝑛𝑃𝑗 + ∑ 𝜌𝑗𝑙

𝑙

𝑙𝑛𝑌𝑙 

(10) 169 

The sum of error terms is 0 because the sum of all cost shares is 1. Therefore, parameters in 170 

the function (7), (8) and (9) cannot be estimated because the error variance and the covariance 171 

matrix are singular. Thus, when cost-share functions are estimated at the same time, one 172 

arbitrary function needs to be removed from the three cost-share functions 𝑆𝐿, 𝑆𝑀 and 𝑆𝐶. In 173 

other words, the three functions including the translog function (6) and two cost-share functions 174 

were used to estimate parameters, thereby allowing the removal of the arbitrary one. Moreover, 175 

it is presumed there is correlation between error terms in each function and each sample has no 176 

correlation (Bilodeau and Duchesne, 2000). This system is said to be seemingly unrelated to the 177 

regression model (SUR model) and it is estimated by the feasible generalized least squares 178 

(FGLS) estimation method. As stated above, maximum likelihood estimates can be found 179 

(Bilodeau and Duchesne, 2000). 180 

 181 

4.2 Software 182 

The author used MATLAB R2017a for the FGLS estimation (MATLAB, 2018). 183 
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 184 

4.3 Input data 185 

This study uses the real data of maintenance costs for the Route 3. Along the route, one bridge 186 

is 27m long with 2 lanes and is assumed to be maintained routinely. This bridge was focused 187 

on, as shown in Figure 2 and 3. The road is a charged expressway in Tokyo’s urban area and 188 

its AADT ranged from roughly 75,000 to 110,000 cars per day (during the analysis period). The 189 

structure consists of a steel girders and piers and it was built in 1967. Recently, maintenance 190 

works involving repairing damage have been frequently implemented. Labour and material costs 191 

spent past 10 years in maintenance works for the bridge were used as analysis data. The 192 

maintenance works include only works on the steel bridge structure, which greatly influences 193 

future maintenance strategy. Therefore, other maintenance works for pavements and other 194 

facilities were not analysed. Furthermore, the depreciation cost of the asset, which has been 195 

used for maintenance, was considered as a capital cost. Although it is necessary to understand 196 

construction cost at the time of constructed precisely for accurate calculation of the depreciation 197 

cost, there was no data relevant to the construction cost. However, this problem could be solved 198 

by use of a deflator. The deflator shows the ratio between two construction costs when similar 199 

buildings are constructed now and in the past. Herewith, the expressway construction cost in 200 

1967 can be calculated by using the cost of the same structural expressway construction 201 

recently. The equation below based on the present value of the expressway bridge and relevant 202 

ratios calculates its depreciation cost defined by National tax agency in Japan (National Tax 203 

agency, 2017). The present value is calculated by use of the construction cost mentioned before 204 

and maintenance cost which increases asset value. Furthermore, the durable life of the 205 

expressway is determined by its physical life. The depreciation procedure needs to be continued 206 

until the price becomes 10% of its acquisition cost in case the expressway asset value 207 

increased. 208 

 209 

𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 = 𝑃 × 0.9 × 0.023 

𝑃: 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 

0.9: 𝑅𝑎𝑡𝑖𝑜 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑑𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 

0.023: 𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 
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(11) 210 

 211 

For the reasons aforementioned, 3 types of costs such as labour, material and capital cost were 212 

regarded as factors of production. The price of the factors, passenger and large-sized cars’ 213 

AADT, and earthquake frequency are set as explanatory variables for maintenance costs listed 214 

in Table 3. Large-sized cars are defined as coaches, large trucks, trailers and special vehicles 215 

such as construction vehicles. Although it was desirable to use vehicle load data, two types of 216 

data mentioned before were used for analysis because of having no access to axle-load data. 217 

Therefore, the results were limited to the figures for average passenger and large-sized cars 218 

without considering detailed weight classes. The intensity of earthquakes was limited to more 219 

than what people can feel, as per the Japan Meteorological Agency seismic intensity scale. The 220 

official scale does not show the scale of earthquake itself but shows the intensity of shaking 221 

caused by earthquakes at an observation point. Moreover, the scale has 10 grades specified by 222 

accelerometers. By definition, if the seismic intensity is more than 1, the earthquake can be 223 

physically felt by people. In addition, traffic volume was derived from traffic counters densely 224 

allocated along the expressway. Data gaps were assumed not to affect the results because the 225 

failures of devices and their deficits are quite small. Although Link (2005) used the number of 226 

days, which had temperature fluctuations around 0 degrees Celsius as an explanatory variable 227 

for the renewal cost in German highways, this study does not use the explanatory variables due 228 

to the relatively small amount of available data in Tokyo. 229 

 230 

 231 

4.4 MATLAB feasible generalized least squares (FGLS) estimation 232 

Parameter estimation was implemented by use of the translog cost function and cost share 233 

equations as explained in section 4.1. Since 10 years’ data from 2007 to 2016 was analysed, a 234 

total of 30 equations were used to estimate parameters. The data and program code utilized in 235 

the estimation are listed in Figure 4 and 5. 236 

 237 

 238 

5. Input data analysis 239 
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This section focuses on input data used in parameter estimation. This data includes the number 240 

of earthquakes, AADT of passenger and large-sized cars, and factors of production. First, 241 

number of earthquakes shown in Figure 6 is checked. The earthquakes focused are large 242 

enough to feel by human. In addition, they are only available and objective data observed in 243 

Japan Meteorological Agency (Japan Meteorological Agency, 2018). As shown in the figure, the 244 

number of earthquakes decreased from 2007 to 2009. However, it suddenly rose in 2010 and 245 

was also high in 2011. The rise was believed to be influenced by the occurrence of Great East 246 

Japan earthquake and its aftereffects. Although the earthquake occurred in March 2011, Figure 247 

6 illustrates it in 2010 because the Japanese annual fiscal year from April to March was used. 248 

After that, the earthquake frequency decreased from 2012 to 2015, and then it slightly increased 249 

in 2016. 250 

 251 

Second, the AADT of passenger and large-sized cars is shown in Figure 6. These two kinds of 252 

traffic have gradually decreased in volume over the last 10 years. Especially in 2010, the 253 

volume significantly decreased. A possible reason was that a new ring road was partially 254 

opened in 2010. The ring road called the Central Circular route is expressed by a red line in 255 

Figure 7 and acted as an alternative to Route 3. As a result, the traffic volume decreased. As for 256 

passenger cars, traffic volume remained at the same level from 2010 to 2016. On the other 257 

hand, traffic volume of large-sized cars continued to decrease after 2011. The Central Circular 258 

Route has possibly influenced large-sized cars more than passenger cars. 259 

 260 

Third, factors of production focused in the research are explained. Labour and material cost 261 

showed similar movement during analysis period. This was possible because these two types of 262 

costs were mainly for maintenance works. In addition, capital costs showed increasing trend for 263 

10 years. This movement was assumed to be highly related to expressway asset value. 264 

 265 

Lastly, future prospects are explained. As for earthquake frequency, it is difficult to estimate it 266 

precisely. However, it is possible to estimate traffic volume to some extent. First, the Olympic 267 

Games will be held in Tokyo in 2020. Although traffic demand in Tokyo metropolitan area will be 268 

higher, Tokyo Metropolitan Government will aim to cut the traffic volume in the area during the 269 
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Olympic Games by 15 percent from general weekly levels (The Japan Times, 2018). In addition, 270 

the three ring expressways connecting the Greater Tokyo Area will be completed in the near 271 

future as shown in Figure 7 (Tokyo Metropolitan Government Bureau of Construction, 2018). 272 

These events could have effects on the traffic situation. In particular, the completion of the three 273 

ring expressways could make traffic flow much smoother and more effective (Oguchi, 274 

Chikaraishi, Iijima et al., 2016), as a result, the traffic volume in radial expressway routes such 275 

as the Route 3 will decrease after the completion of the three ring expressways. 276 

 277 

 278 

6. Estimation Results 279 

6.1 Parameter estimation 280 

Table 4 shows the regression estimate results by use of the translog cost function and the cost-281 

share functions explained in the previous section. It is assumed the results of the estimation are 282 

largely confirmed to be statistically stable without 𝛾𝑝, 𝛾𝑓, 𝛽𝐶𝐶 and 𝜌𝐶𝑝 due to standard error. On 283 

the other hand, the influence on maintenance cost by earthquake frequency and capital cost 284 

cannot be confirmed because the coefficients are too small, which means capital cost is not a 285 

supportive coefficient in this case. Moreover, since parameter 𝛾𝑓 is shown to be a negative 286 

value, the traffic volume of large-sized cars possibly decreases maintenance costs. Actually, 287 

traffic volume is not measured by an axel load of each vehicle but by a length of each vehicle. 288 

Generally speaking, weight directly influences on structure deterioration. Thus, the phenomenon 289 

could possibly occur because of the measuring method of traffic volume on the expressway. 290 

Furthermore, the estimation accuracy of parameter 𝛾𝑓 is low. Hence, additional parameter 291 

estimation is conducted afterwards. 292 

 293 

 294 

6.2 Price elasticity 295 

Price elasticity can be calculated from the estimated parameters. That price elasticity can be 296 

divided into the elasticity between any pair of input factors and the own-price elasticity of each 297 

factor. These two kinds of elasticities can be calculated by applying the Allen-Uzawa 298 

substitution elasticities (Uzawa, 1962). 299 
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 300 

휀𝑖𝑖 =
𝛽𝑖𝑖 + 𝑆𝑖(𝑆𝑖 − 1)

𝑆𝑖
2  

𝑖 = 𝐿, 𝑀, 𝐶 

휀𝑖𝑖: 𝑂𝑤𝑛 − 𝑝𝑟𝑖𝑐𝑒 𝑒𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑖𝑒𝑠 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑓𝑎𝑐𝑡𝑜𝑟 

(12) 301 

휀𝑖𝑗 =
𝛽𝑖𝑗 + 𝑆𝑖 ∙ 𝑆𝑗

𝑆𝑖 ∙ 𝑆𝑗

 

𝑖, 𝑗 = 𝐿, 𝑀, 𝐶 

휀𝑖𝑗: 𝑆𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑡𝑖𝑜𝑛 𝑒𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑖𝑒𝑠 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑎𝑛𝑦 𝑝𝑎𝑖𝑟 𝑜𝑓 𝑖𝑛𝑝𝑢𝑡 𝑓𝑎𝑐𝑡𝑜𝑟𝑠 

(13) 302 

 303 

A transition of own-price elasticities of three factors are shown in Table 5 and Figure 8 by use of 304 

parameter estimation in the previous section. As a result of the transition, labour and material 305 

costs are substitutes because of their values being less than 0, while capital cost can be 306 

understood as a complementary factor. Even if capital cost rises, the demand will increase. 307 

Ryan and Wales (1999) stated translog cost functions needed to be concave in prices, in 308 

addition, the Hessian matrix of the cost functions should be negative semidefinite as a 309 

necessary condition for concavity. This is the same as the cost minimizing condition. In other 310 

words, capital cost does not meet the cost minimizing condition. As mentioned before, 311 

parameter estimation of capital cost is still in doubt in terms of its accuracy. Thus, parameter 312 

estimation without a factor of capital cost needs to be implemented. However, as mentioned in 313 

6.1 section, the influence of capital cost is quite small. In other words, the influence can be 314 

discounted. Thus, the analysis with the parameter shown in Table 4 will also be implemented 315 

continuously. The translog function and cost share functions without a factor of cost function 316 

used in the estimation are as follows. 317 

 318 

𝑙𝑛𝐶𝑜𝑠𝑡 = 𝑐 + 𝛼 ∙ 𝑙𝑛𝑁 + 𝛽𝐿𝑙𝑛𝑃𝐿 + 𝛽𝑀𝑙𝑛𝑃𝑀 + 𝛾𝑝𝑙𝑛𝑌𝑝 + 𝛾𝑓𝑙𝑛𝑌𝑓

+
1

2
(𝛽𝐿𝐿𝑙𝑛2𝑃𝐿 + 𝛽𝑀𝑀𝑙𝑛2𝑃𝑀 + 𝛿𝑝𝑝𝑙𝑛2𝑌𝑝 + 𝛿𝑓𝑓𝑙𝑛2𝑌𝑓) + 𝛽𝐿𝑀𝑙𝑛𝑃𝐿𝑙𝑛𝑃𝑀 + 𝛿𝑝𝑓𝑙𝑛𝑌𝑝𝑙𝑛𝑌𝑓

+ 𝜌𝐿𝑝𝑙𝑛𝑃𝐿𝑙𝑛𝑌𝑝 + 𝜌𝐿𝑓𝑙𝑛𝑃𝐿𝑙𝑛𝑌𝑓 + 𝜌𝑀𝑝𝑙𝑛𝑃𝑀𝑙𝑛𝑌𝑝 + 𝜌𝑀𝑓𝑙𝑛𝑃𝑀𝑙𝑛𝑌𝑓 
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(14) 319 

𝑆𝐿 =
𝜕𝑙𝑛𝐶𝑜𝑠𝑡

𝜕𝑙𝑛𝑃𝐿

= 𝛽𝐿 + 𝛽𝐿𝐿𝑙𝑛𝑃𝐿 + 𝛽𝐿𝑀𝑙𝑛𝑃𝑀 + 𝜌𝐿𝑝𝑙𝑛𝑌𝑝 + 𝜌𝐿𝑓𝑙𝑛𝑌𝑓 

(15) 320 

𝑆𝑀 =
𝜕𝑙𝑛𝐶𝑜𝑠𝑡

𝜕𝑙𝑛𝑃𝑀

= 𝛽𝑀 + 𝛽𝑀𝑀𝑙𝑛𝑃𝑀 + 𝛽𝐿𝑀𝑙𝑛𝑃𝐿 + 𝜌𝑀𝑝𝑙𝑛𝑌𝑝 + 𝜌𝑀𝑓𝑙𝑛𝑌𝑓 

(16) 321 

 322 

The results of parameter estimation are listed in Table 6. First, estimation accuracy of 323 

parameters is assumed to be significantly improved more than previous estimation in terms of 324 

standard error. However, parameter tendency as the results show is quite similar to the previous 325 

estimation shown in Table 4. Thus, it cannot be stated unconditionally that the results of 326 

previous estimation have a problem in their accuracy. In addition, it is assumed traffic volume of 327 

passenger cars and maintenance cost have a proportional connection because of two reasons 328 

as follows. One is the value 𝛾𝑝 is greater than 𝛾𝑓 according to the results. The other is traffic 329 

volume of passenger cars is significantly higher than that of large-sized cars. However, the 330 

influences on maintenance cost by passenger and large-sized cars need be considered. 331 

 332 

As for own-price elasticities, all figures illustrated in Table 7 and Figure 9 are less than 0, 333 

thereby showing the existence of the own-price elasticities over an entire period. Therefore, the 334 

results are consistent with cost minimizing conditions. On the other hand, in comparison with 335 

labour and material costs as factors of production, these two factors are close to 0 as Figure 8 336 

shows. Therefore, labour and material costs do not necessarily have price elasticities.  337 

 338 

Secondly, the results of substitution elasticities shown in Table 8 and Figure 10 are explained. 339 

Although the figures of labour and material costs are positive, they are close to 0. Thus, these 340 

two factors of production are independent rather than substitutes. On the other hand, for 341 

reference purposes only, other substitution elasticities from previous estimations shown in 342 

Figure 10 were more than 0 over an entire period and expressed considerably similar 343 

movements. Therefore, it is assumed these two kinds of elasticities can be substitutes. The 344 

movement was highly influenced by the transition of the three cost factors. 345 
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 346 

Price elasticities are focused on in this section. Labour and material cost are independent 347 

factors as for substitution elasticity. Moreover, though there is a problem about estimation 348 

accuracy in capital cost, as for own-price elasticity, both labour and material cost have also 349 

shown independent trends. Labour and material costs are assumed to not be substitutes nor 350 

complements because of their roles, though both of them are essential for maintenance works. 351 

Moreover, capital cost is assumed to have a strong relationship with the maintenance quantity 352 

which influences expressway asset value. Furthermore, according to the rising quantity of 353 

maintenance works as a result of Great East Japan earthquake in 2011, expressway asset 354 

value, capital cost and the price elasticity have temporally increased. Demand fluctuation for 355 

maintenance can influence considerably capital cost. 356 

 357 

 358 

6.3 Returns to scale (RTS) 359 

Next, returns to scale (RTS) is analysed. The definition is generally to be the proportional 360 

increase in outputs that would result from a proportional increase in all inputs (Panzar and 361 

Willig, 1977). The expressway focused is one of the main roads in Tokyo’s central area. 362 

Furthermore, its traffic volume is forecasted to fluctuate in the future due to the completion of 363 

the three ring expressways and the Tokyo Olympic Games. Thus, getting a grasp of RTS is 364 

important. However, there are two cases of RTS. One is a situation that only one output such as 365 

traffic volume of passenger cars or large-sized cars increases N times more than before when 366 

maintenance cost increases N times more than before. Another situation is all outputs increase 367 

N times more than before in the same situation mentioned before. Although plural outputs such 368 

as traffic volume of passenger and large-sized cars are considered, these two outputs are 369 

assumed to be correlated with each other. Hence, the latter situation is more appropriate for this 370 

study. The latter situation, known as overall scale economies, can be shown by transforming the 371 

translog function (17). If the size of the result is less than 1, RTS is regarded to come into play 372 

(Noulas, Ray and Miller, 1990). In this study, if RTS can be confirmed, less input such as 373 

maintenance cost can generate same amount of output as current one. 374 

 375 
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𝑅𝑇𝑆 = ∑ (
𝜕𝑙𝑛𝐶𝑜𝑠𝑡

𝜕𝑙𝑛𝑌𝑙

)

𝑙

= 𝛽𝑝 + 𝛽𝑓 + 𝛿𝑝𝑝𝑙𝑛𝑌𝑝 + 𝛿𝑓𝑓𝑙𝑛𝑌𝑓 + 𝛿𝑝𝑓𝑙𝑛𝑌𝑓 + 𝛿𝑝𝑓𝑙𝑛𝑌𝑝 + 𝜌𝐿𝑝𝑙𝑛𝑃𝐿 + 𝜌𝐿𝑓𝑙𝑛𝑃𝐿

+ 𝜌𝑀𝑝𝑙𝑛𝑃𝑀 + 𝜌𝑀𝑓𝑙𝑛𝑃𝑀 + 𝜌𝐶𝑝𝑙𝑛𝑃𝐶 + 𝜌𝐶𝑓𝑙𝑛𝑃𝐶 

(17) 376 

 377 

The results are shown in Table 9 and Figure 11. The value of RTS remained close to 0 from 378 

2007 to 2016 as is the case with the previous estimation. Therefore, existence of RTS can be 379 

found from the results because the value during the entire period has been less than 1. Hence, 380 

less maintenance cost as input can generate same traffic volume as output if the situation is 381 

same as current condition. For example, if the amount of maintenance works is increased and 382 

the works are done all at once, the maintenance cost can be reduced. 383 

 384 

 385 

6.4 Marginal maintenance cost 386 

Marginal cost for maintenance works is evaluated based on parameter estimation calculated in 387 

the previous section. Since traffic volume of passenger cars is considered to be the most 388 

influential factor, the relationship between traffic volume and marginal maintenance cost needs 389 

to be confirmed. If marginal maintenance cost is considerably influenced by change in traffic 390 

volume of passenger cars, current maintenance method has room to be improved for cost 391 

efficiency. However, if the change has little effect on maintenance cost, current maintenance 392 

method assumed to be cost-effective. In the calculation of marginal maintenance cost, 10 years’ 393 

average data for earthquake frequency, large-sized cars AADT, labour, material and capital cost 394 

are used. The results are listed in Figure 12, which consists of the parameters by use of the 395 

renewal translog model (14) and the parameters shown in Table 4 derived from first translog 396 

model (6) as a previous estimation. The difference between these two estimations is present 397 

with or without capital cost. As a result, these two models displayed the same tendencies. First, 398 

marginal cost significantly increases between 0 and 30,000 cars per day. Then, the cost 399 

remains almost the same when traffic volume rises. Thus, even if traffic volume considerably 400 

fluctuates from its current situation of about 60,000 cars per day, it is assumed maintenance 401 
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cost will not drastically change by use of the current maintenance method. In other words, 402 

current maintenance method is assumed to be economically efficient. 403 

 404 

 405 

7. Conclusions 406 

The Metropolitan Expressway recently has suffered serious damage especially in the old routes. 407 

Therefore, optimal maintenance methods for the expressway have been more important than 408 

before. This study focused on maintenance cost in a steel viaduct in “Metropolitan Expressway 409 

Route 3 Shibuya Line”, and analysed the marginal maintenance cost and the influences on the 410 

maintenance cost from uncertainties such as earthquakes and future traffic volume from an 411 

econometric perspective. As for analysis method, labour, material and capital costs related to 412 

the viaduct maintenance are evaluated as input factors for a translog cost function. In addition, 413 

traffic volume of passenger and large-sized cars are used as output to calculate price elasticities 414 

of input factors, RTS and a marginal maintenance cost. 415 

 416 

First, in parameter estimation, the result indicated traffic volume of passenger cars was the most 417 

influential factor of maintenance cost. On the other hand, this study could not confirm the 418 

influence of earthquake frequency on the maintenance cost. Although the Great Hanshin-Awaji 419 

Earthquake in 1995 actually caused destructive damage to many infrastructure facilities such as 420 

the Hanshin Expressway bridges (Miki and Sasaki, 2005), some seismic countermeasures of 421 

both current reinforced concrete and steel piers were implemented in addition to the introduction 422 

of new seismic design afterwards (Yasuda and Ogasawara, 2004). Such countermeasures are 423 

assumed to minimise the negative effects of earthquakes. As a result, it is assumed the effect of 424 

earthquakes on maintenance cost were not observed. 425 

 426 

As for own-price elasticities, labour and material costs showed independent tendencies. 427 

Moreover, the results are quite similar those outlined by Link (2014). However, capital cost 428 

showed a complementary tendency. The tendency means the capital demand will rise later on 429 

when the cost increases. That can be easily estimated from the relationship between 430 
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depreciation cost which consists of capital cost and expressway asset value. In other words, it is 431 

assumed the results showed the actual movement of the costs well.  432 

 433 

Furthermore, RTS was consequently confirmed as Link (2014) suggested. Therefore, current 434 

traffic volume can be maintained by use of less maintenance cost than current one in the 435 

following situation. If the amount of maintenance works is increased and the works are done all 436 

at once, the more cost-effective maintenance can be achieved. 437 

 438 

As for marginal cost, even if traffic volume significantly fluctuates, it is highly possible 439 

maintenance cost will not change considerably. In other words, maintenance cost will not 440 

drastically change if the current maintenance method continues to be used. 441 

 442 

Lastly, according to the analysis of the results, the current maintenance method should not be 443 

changed immediately in consideration of cost minimisation and optimal cost. Furthermore, 444 

fluctuation of traffic volume in the future can be dealt with if the number of AADT passenger cars 445 

considerably changes. On the other hand, despite it being said maintenance cost is mainly 446 

influenced by traffic volume of large-sized cars (Link 2006), the analysis results indicated traffic 447 

volume of passenger cars had the most impact on maintenance cost.. Future work includes data 448 

collection and analysis of detailed vehicle classifications in order to improve financial strategy 449 

and structure of Tokyo expressway access fee. 450 
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