

  sustainability-11-00877




sustainability-11-00877







Sustainability 2019, 11(3), 877; doi:10.3390/su11030877




Article



Research on Reference Indicators for Sustainable Pavement Maintenance Cost Control through Data Mining



Yonghong Yang 1,2,*, Lan Huang 1, Jiecong Wang 1 and Yuanbo Xia 1





1



School of Civil Engineering and Transportation, South China University of Technology, Guangzhou 510640, China






2



State Key Laboratory of Subtropical Building Science, South China University of Technology, Guangzhou 510640, China









*



Correspondence: yangyh@scut.edu.cn; Tel.: 86+136-1018-9501







Received: 23 January 2019 / Accepted: 30 January 2019 / Published: 8 February 2019



Abstract

:

Maintenance management has become increasingly important in the development of highways and government investment, but the shortage of funds is still a serious problem. When the administrative department reviews expense, the existing evaluation methodology cannot be applied to the current national condition and its calculation process is too complicated. Therefore, in order to improve this situation, this paper analyses various factors affecting maintenance costs, and obtains the quantitative relationship between the six main influencing factors such as traffic volume, using time, location, the number of lanes, overlays, and major rehabilitation. Based on regression analysis, an accuracy-based and cost-oriented control methodology is proposed, which can be dynamically updated according to the market conditions. This method is built on the data of 18 typical highways in Guangdong Province, China. The control reference indicators consist of a set of models and confidence intervals, and the actual cost needs to meet the corresponding requirements. In addition, the expenditure characteristics of rehabilitation and reconstruction in China are summarized. Experiments showed that this methodology can be used to guide cost planning and capital allocation in sustainable maintenance and achieved good results in application, making it worthwhile to promote them in other areas.
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1. Introduction


With growing significant traffic and limited resources, highway maintenance has become increasingly complicated and valued. The limited funds are the main problem which legislators, budget planners, and superior managers control are facing today [1,2]. A highway routine maintenance plan is generally established by subordinate or private maintenance companies then audited by management, so that intuitive auditing standards are need. The highway networks of a developed area are mature and market-oriented. The main research in these areas has the following steps: establishing the maintenance estimation model based on PMS (Pavement Management System) or LCCA [2,3], optimizing the allocation of maintenance cost rationally, finally determining the plan of preventive maintenance based on a standard which is usually a model. In fact, all purposes of most existing PMSs are developed at minimum cost [4,5]. In the last decade, this has been the true goal of pavement maintenance—a goal that the Federal Highway Administration (FHWA) [6], in partnership with states, industry organizations, and other interested stakeholders, have been committed to achieving [1]. Currently, in the US, the FHWA signs fee contracts with private maintenance companies [7,8]. The increased expenses resulting from uncontrollable factors are at the expense of private companies. This method is not conducive to the promotion of new processes and new materials. In other countries, this responsibility is undertaken by the management department. To control the fee better, the price list is updated annually by the relevant agencies [9], leading to complexity and diversity due to differences in the regions while a large amount of historical maintenance cost data, during the maintenance process, is stored and not utilized properly.



Highway maintenance in China has the same dilemma. By the end of 2017, the highway mileage had reached 4.77 million kilometers. Maintenance had become the focus of metropolitan highways development and government investment [10]. In China, it is expected that the demand for maintenance cost will exceed 1.5 trillion CNY during the 13th Five-Year Plan period (the year 2016 to the year 2020). However, the maintenance management market in China is still immature. There are still problems such as shortage of funds, imperfect mechanisms, irregular management of cost, and a closed management market. A large body of work to solve these problems has been conducted on practical projects in the last twenty years, while most of them are determined through the Pavement index (Pi) and the Pavement Condition Index (PCI) [11] rather than through data mining for historical maintenance. Models based on these studies are still being adopted by the Chinese government (the British asphalt pavement management system around the 1990s, the model established by Tongji University in the 1990s, the World Bank HDM-III model and the model established by Chang’an University [11]). Additionally, predictive analysis methods for data mining can usually be divided into two categories: dependency based on time series and causal relationship based on indicators, mainly including regression analysis, the moving average method, the exponential smoothing method, periodic variation analysis, and random variation analysis [12]. However, these models and data mining methods lack timeliness, generalization ability, sample capacity [13], accuracy, and research on intermediate maintenance and major rehabilitation. The process of data acquisition and modelling is complex [14] simultaneously because in engineering practices, many factors affect pavement preservation in the long term as well as maintenance cost, such as traffic diversifications, regional differences, pavement types, inflation and discount rate fluctuations, etc. These factors inevitably generate potential sources of uncertainty. The factors are not independent from each other and the combined effects of the factors need to be investigated critically [10]. In addition, due to market uncertainty and lack of standards, routine maintenance cost cannot be controlled through the list quotation. As such, a dynamic-based and multifactor-based cost control methodology has become a significant research content in the fund-allocating process for the current market.



The main purpose of this paper is to propose a cost-oriented and experience-based control methodology, which integrated with data mining and market performance can address the dynamic nature of control indexes. In this methodology, two reference indicators, either predicted values or confidence intervals, are used as trigger values to judge rationalization of actual cost values, determine maintenance treatment planning, and guide capital allocation during the pavement service life span. The influencing factors associated with maintenance cost are analyzed comprehensively. The relevancy degree between maintenance costs and primary influencing factors, i.e. traffic volumes, using time, the number of lanes, location, major rehabilitation, and overlay is calculated in order to investigate the combined effects of different variables and derive the regional maintenance habits. Next, multiple regression analysis and retail price index are used to establish the prediction model of routine maintenance cost and normal distribution is used to calculate the cost interval.



The remainder of this paper analyses the characteristics of major rehabilitation and reconstruction in China in Section 3. Section 4 discusses and calculates the actual case of 18 typical freeways in Guangdong Province, the area with the most developed economy and the most complicated road network in China. All data of this paper are investigated from research processes of the past seven years. The reliability of this methodology has been fully discussed in this part. Section 5 concludes the paper with the main findings. The ultimate goals are to realize the scientific, legalization, standardization, and informatization of maintenance management, and to alleviate the shortage of provincial highway maintenance cost in ordinary countries indirectly.




2. Control Model of Routine Maintenance Cost


In China, routine maintenance is more regular and has intuitive influencing factors, so it can the calculation model can be used to control the cost. On the contrary, the intermediate maintenance and major rehabilitation determined by road conditions cannot be controlled only from historical data. To ensure the model can meet the cost control requirements and provide scientific and effective reference and guidance for cost management, especially practical, the selected forecasting method should follow the following principles:

	
The principle of simplicity. The selected indicators should satisfy the simple relationship between the conforming variable and the dependent variable, with no cross relationship and common problem between these indicators. The index data should be easy to obtain. The calculation should be simple and intuitive.



	
The principle of flexibility. It can be flexibly changed according to the forecast inflation rate and material price in the current year, and then promoted to all provinces in the country, and dynamically adjusted according to the local economic level.



	
The principle of reliability. Considering the worst condition, the forecasting traffic volume is used as the basis for the establishment of the model. The forecasting cost curve is reliable enough to basically cover the actual cost curve, to achieve the purpose of controlling the cost.








2.1. Evaluation of Factors Affecting Routine Maintenance


In the integrated environment of people, vehicles and roads, there are plenty of complex factors affecting highway maintenance cost. Therefore, to manage the cost reasonably, it is necessary to clarify the characteristics of the influencing factors of maintenance cost.



The existing methods for predicting maintenance cost are as follows: structural relationship estimation, causal relationship estimation, time-series relationship estimation, and the estimation method based on uncertainty mathematical theory [12]. According to the above principles, in this paper, the causal relationship estimation is selected as the modelling method, combined with qualitative analysis to summarize the influencing factors and establish the functional relationship among these factors. This estimation has fast calculation speed and high precision. In this paper, these factors [15,16,17] are divided into four categories: human factors, natural factors, road factors, and policy factors, as shown in Figure 1.



The above factors are numerous and correlate with some others. In order to reduce the dimensions of variables, the important relevant factors serving as variables should be screened out. In this paper, the questionnaire method is adopted, combined with previous studies [18]. All questionnaires are aimed at professionals in road maintenance and are used to select the most important influencing factors. At least one factor in each category is selected. Through the above research, the following five factors are selected: traffic volumes, geographic location, the number of lanes, using time, and maintenance.



Based on the results of qualitative analysis, differences exist in the correlations between the factors and maintenance cost. Using time, traffic volumes, and the number of lanes are positively correlated with the increasing trend of routine maintenance cost. After intermediate maintenance and major rehabilitation, pavement performance is restored and the routine maintenance cost has been reduced. Besides, differences in economic structure and social status due to geographical location lead to differences in the allocation of funds for maintenance cost.




2.2. Model Boundary Condition


Because some data has a long history and has not been recorded clearly by the pricing list, in the analysis, the real reliability is doubtful. National inspection (comprehensive measuring every five years in China) and geological disasters also have great impacts on maintenance cost. Therefore, the model should satisfy the boundary conditions.



First, the proportional relationship in the model should be consistent with the qualitative analysis results.



Second, in order to simplify the model, improve the accuracy of the model, and avoid interference from other factors, only one factor is different at a time when quantitatively analyzing the proportional relationship between the actual routine maintenance cost and a single factor.



Third, the cost is reduced after a slight decrease within three years after major rehabilitation or within two years after pavement overlays.



Data that does not meet the above boundary conditions is doubtful. If the cost increases abnormally, or fluctuates greatly and gratuitously, such data will cause large errors as well as poor stability and fitting degree in the resulting model, and thus should be verified and excluded.




2.3. Model Boundary Condition


In order to construct a precise and reliable model, the modelling process is classified into three steps:



2.3.1. Independent Variable Selection


To simplify the calculation, the multiple linear regression and nonlinear regression are combined, and the routine maintenance cost is used as the dependent variable Y to establish the first type of nonlinear regression model.


Y = K (X1, X2, X3, X4, X5)



(1)




where X1 represents traffic volumes. The age of some highways has not yet reached the design working life, but the actual traffic volumes are far greater than the predicted traffic volumes for the rapid development of the economy in China. In this paper, actual traffic volumes are used.



X2 represents using time.



X3 represents the number of lanes.



X4 represents the major rehabilitation coefficient. This coefficient is considered within three years. Highway expansion and construction are treated as major rehabilitation.



X5 represents the overlay coefficient. This coefficient is considered within two years.



K represents regional coefficient. This coefficient is related to the location and function of the highway.




2.3.2. Data processing flow


Follow the calculation steps below to process the data:



First, filter data according to the model boundary conditions.



Second, convert the maintenance cost to 2016 based on the existing retail price index (RPI) [11]. The fixed asset investment price index has a great effect on the cost [14,19]. In this paper, the base year is 2016.



Third, group all data by the using time. The highway maintenance period and the national inspection every five years have significant influence, and the quantity of sample data is large. Therefore, the data is divided into four groups: five years or less, five to 10 years, 10 to 15 years, more than 15 years.



Fourth, sensitivity analysis is used to study and establish the functional relationship between influencing factors and cost.



Finally, determine the regional coefficients of the different highways on the grounds of the region division and traffic density distribution.




2.3.3. Parameter Calculation


The parameter values are determined by regression analysis in SPSS. The R2 is used as the determination coefficient which is close to one, the better the fitting effect of the model.





2.4. Model Verification and Application


It is doubtful whether this model can be applied to other regions because it was established on the historical data resulting from a few specific roads. Therefore, another highway maintenance cost is selected and substituted into the model for verification. The predicted results must be greater than or equal to the actual result, otherwise the relevant coefficients need to be adjusted.





3. Maintenance Cost Control Interval


The above estimation model for the routine maintenance cost is based on the analysis of a large amount of data, but in practice, the maintenance cost is often increased due to certain unpredictable factors. Therefore, it is necessary to control the cost according to the control interval. In this paper, the W-test method (Shapiro–Wilk Test) [20] with high sensitivity is used to perform the normality test on the routine maintenance cost and the intermediate maintenance cost, which requires that the samples are of normal distribution to improve the sampling efficiency further:


W=L2∑k=2lak(ξ(n+1−k)−ξ(k))



(2)




Among them,


l={n2,when n is evenn−12,when n is odd



(3)







If the observed value of W calculated for the sample value of any distribution with n ≤ 50 satisfies Wα < W < 1, it obeys the normal distribution law x ~ N(μ,δ2), then the value range of x is:


μ−μα2×δn<x<μ+μα2×δn



(4)




where μα2 represents the Guarantee rate coefficient, when the freeway confidence factor is 95%, μα2 = 1.96; μ represents the average of samples; n represents the number of samples; δ represents the mean deviation of samples; ak and Wα can be referred to the Shapiro–Wilk Test list.



After the above test, if the maintenance cost meets the requirements of normal distribution, the interval is estimated to be (μ−1.96×δn, μ+1.96×δn). The actual cost should be included in this range [21].




4. Major Rehabilitation Cost Analysis


In China, asphalt pavement structure is usually applied to freeways. The design period of asphalt pavement structure is generally 15 years, and the design period of cement concrete pavement is 30 years [22,23]. However, the service life of the road surface is not up to the design life because of overload transportation, reflection cracks, surface quality problems, etc. The road capacity has become saturated so that it cannot meet the demand with the traffic volumes increasing sharply. The cost of solving atraffic jam is high, which seriously restricts regional economic development. In general, the cost of major rehabilitation which can improve road performance and extend the service life of the freeway is high.



The cost of major rehabilitation is mainly composed of construction and installation fees, equipment and tools purchase expenditure, and other construction costs, including subgrade engineering, pavement engineering, bridge and culvert works, etc. In this paper, only the relationship between the major rehabilitation cost of typical highways and maintenance investment and the average cost level are analyzed because the maintenance cost investment is related to the highway road operation status and road characteristics, and the regularity is poor.




5. Analysis of Maintenance Cost in Guangdong Province


By the end of 2017, the total mileage of freeways opened to traffic in Guangdong Province was 8338 km and the density was 4.64 km/100 km2. The maintenance mode—“A company is responsible for the construction and maintenance of a highway”—is widely used. The administration needs to invest a large amount of funds and this shows an increasing trend for maintenance every year. According to research data, the financing gap of trunk highways in Guangdong Province reached 2.47 billion CNY. The average cost level in 2011–2015 was 801,700 CNY/km per year.



Guangdong Province which has about 11 major outbound provinces is divided into four major regions—the Pearl River Delta, West, East and North. Among the four regions, the traffic volumes of freeways in the Pearl River Delta are significantly higher than that of other regions. Therefore, the difficulty, cost investment, and unit mileage of the maintenance work on the same scale are significantly larger than those in the other regions of Guangdong.



5.1. Routine Maintenance Cost Control Model Establishment


Routine maintenance in Guangdong Province includes daily cleaning and minor repairs. Daily cleaning refers to regular cleaning and daily inspection work. The minor repair project refers to the treatment of various minor ailments and supporting facilities, mainly based on artificial consumption, with a small amount of material consumption.



The values of the RPI in Guangdong Province are shown in Table 1. The maintenance cost of 18 freeways is shown in Table 2 after screening and conversion. The specific parameters are shown in Table 3. The traffic volumes over the years are shown in Table 4. Traffic growth rates in the last 7 years are 66.5% to 30.2%, it is necessary to rule out the impact of road network changes on costs.



The model was established based on the modelling principle, which is:


Y = K × (a × X1 + b × X2 + c × X3 + d) × e ^ (X4) × f ^ (X5)



(5)







Multi-factor sensitivity analysis needs to consider various combinations of various factors and different degrees of change, which is more complicated. Therefore, this paper adopts the grey correlation analysis. Based on the above data, the relevancy degree is calculated and shown in Table 5. The Tornado Diagram shown in Figure 2 is further used to indicate the relevance degree. The influence level of each factor is sorted as follows: traffic volumes ≈ using time > the number of lanes > location ≈ major rehabilitation ≈ overlay.



The coefficient values are as shown in Table 6:



After removing the abnormal point with the normalized residual absolute value greater than three (>3) under 95% confidence, the SPSS software is used to obtain the routine maintenance cost estimation model of the freeway as follows:



5 years or less.


Y = K × (2.181 × 10 ^ (− 6) × X1 + 0.44 × X2 + 5.456) × 0.714 ^ (X4) × 0.759 ^ (X5)



(6)




5 to 10 years.


Y = K × (1.080× 10 ^ (− 5) × X1 + 0.113 × X2 − 0.243 × X3 + 9.611) × 0.715 ^ (X4) × 0.801 ^ (X5)



(7)




10 to 15 years.


Y = K × (3.277× 10 ^ (− 5) × X1 −0.124 × X2 − 0.447 X3+10.987) × 0.969 ^ (X4) × 1.013 ^ (X5)



(8)




more than 15 years.


Y = K × (0.970 × X2 + 5.574 × X3 − 43.87) × 1.901 ^ (X4) × 1.000 ^ (X5)



(9)







The calculated R2 = 0.982, 0.782, 0.652, and 0.998 respectively. The R2 is not big enough because of the large amount and doubtful authenticity of the data. The regional coefficients used in this model can be adjusted according to the relevant divisions in the planning of routine maintenance areas in Guangdong Province.




5.2. Maintenance Cost Control Interval


Based on these historical rates, routine and intermediate maintenance costs are assumed to have a normal distribution. By analyzing each type of maintenance cost and the proportion of the sum of routine maintenance and intermediate maintenance cost, the maintenance cost control intervals can be shown as in Table 7.



The largest proportion of routine maintenance costs between different regions reached 118.02%, and that of intermediate maintenance costs 268.11%. This difference proves the rationality of calculating each road separately. This finding can be used as a basis for funding allocation.




5.3. Methodology Verification


The relationship between the predicted value and the actual value calculated according to the above model is shown in Figure 3, which shows that the predicted value curve is basically the envelope of the actual value curve.



To further test the applicability of the model to other freeways in Guangdong Province, the data of other two freeways in the region was investigated (Table 8). It can be seen that the model basically meets the actual requirements after testing the model of this group.



In the above verification process, the predicted cost can cover the actual cost. The actual cost of highway 17 is within the confidence interval, while highway 18 is not. The reasons are as follows: (1) The using time of highway 18 is extremely long, so the road performance is seriously attenuated; (2) the traffic volume is very large; (3) lane expansion has been carried out, which is one of the few eight-lane highways in Guangdong Province.



For economic verification, the methodology was applied to three trunk highways in Guangdong Province. The economic and social benefits obtained are as follows: (1) Saving of about 3% of maintenance costs, increasing investment in construction of other projects and promoting local development; (2) increased the road capacity and toll income due to the timely and reasonable maintenance measures; (3) reduced the circulation time of personnel and goods, so industry development is accelerated, production and sales costs are reduced, and the market is expanded for products and human resources; (4) improved the technical level of cost management so that the benefits of maintenance funds are maximized.




5.4. Major Rehabilitation Cost Analysis


The freeways in Guangdong Province, especially built during "The eighth Five-Year Plan"(the year of 1991 to the year of 1995) and "The ninth Five-Year Plan"(the year of 1996 to the year of 2000), began to enter the peak period of maintenance [24], reconstruction and expansion. The following three typical freeways were opened to traffic in 1996 and their quality levels of major rehabilitation acceptance were all qualified. Therefore, these three freeways are comparable. The specific details are shown in Table 9 and Table 10.



Through analysis and comparison between the costs of rehabilitation, reconstruction, and expansion, the conclusions are as follows:

	
The proportion of major rehabilitation costs to infrastructure investment is 77.93% and 111.65% respectively, where the excess is less than 15%. So, infrastructure investment can basically meet the major rehabilitation cost requirements.



	
The range of major rehabilitation costs is [363.77, 680.62]. However, due to the small number of samples and the individuality of the major rehabilitation, existing data is not enough to determine the interval of major rehabilitation cost.



	
The freeways strictly enforced the contract terms, carried out the bidding system better, controlled the changes of engineering quantity and unit price effectively, proposed an optimization plan and adopted other measures in the whole process of the project. Therefore, the total cost of the final audit was within the approved design estimates and was balanced.



	
The average cost level of the renovation and expansion was significantly higher than that of the major rehabilitation.









5.5. Comparison with Existing Methodology


Based on the discussion and calculation from the Guangdong Province highway case, a control index with high fitting degree is being performed and having remarkable economic and social benefits. However, it is too early to select this methodology as the best strategy to control maintenance costs only according to the qualitative analysis results. As such, this makes a comparison with the latest available methods indispensable. As for previous assumption, three elements are selected in this comparison as the criteria: sample capacity, accuracy, dynamics. The comparison results are described in detail as follows:

	
Sample capacity. It is observed that small sample capacity causes regression analysis results to be less resistant to risk. Models established by Chang’an University [11] and Wu’s [12] only used the cost data of the highway for a certain year and a certain region, while this paper investigated and screened 18 highways in different geographical locations for nearly seven years.



	
Accuracy. The fitting degrees R2 of all existing models are higher than 0.85 (11–13, 15–17), but neither of them validated the calculation results and actual benefits. As such, this makes the accuracy suspect. Based on the above research, this paper analyzed the correlation and further expressed it with Tornado Diagrams. At the same time, the calculation results were verified in depth.



	
Dynamics. The existing analysis of maintenance cost control in China did not consider the discount rate or convert the cost through a fixed value rather than market fluctuation. In contrast, this paper proposes to convert the RPI over the years and determine the threshold and principle of the corresponding coefficients of the main influencing factors.










6. Conclusions and Recommendations


This paper analyzed a comprehensive situation of sustainable pavement maintenance cost in China, dynamically and empirically. In conclusion, the major findings from this study can be described as follows:

	
Multiple statistical methods are conducted to reduce the dimension of influencing factors of maintenance cost and a sensitivity analysis is conducted to calculate the impact levels of different factors. The influence level of each factor is sorted as follows: traffic volumes ≈ using time > the number of lanes > location ≈ major rehabilitation ≈ overlay. Based on this calculation, it is serviceable for the administrative department to develop countermeasures and allocate funds reasonably in order to mitigate pavement management risks.



	
This paper proposes how to establish control reference indicators of routine and intermediate maintenance costs for the case of the highways in Guangdong. The coefficients of six major factors mentioned above are summarized through the analysis of historical data and can change dynamically with market conditions. The cost model and confidence interval are determined in the best fitting perspective. The basic model of routine maintenance costs is as follows: Y = K × (a × X1 + b × X2 + c × X3 + d) × e ^ (X4) × f ^ (X5). The control intervals are (8.73, 11.91) and (41.12, 59.32) respectively. These findings have been proved to be beneficial for social and economy benefits when applied to the practical application of the highways in Guangdong Province.



	
Through the analysis of typical highways, the contract terms and bidding system should be strictly implemented, in order to guarantee that the total cost meets the design budget requirements. “Construction is more important than maintenance” is still the dominant ideology of highway construction in China. The major rehabilitation cost range cannot be determined, in this paper, due to its uniqueness and individuality, which needs to be studied in depth.








During the investigation, some construction and maintenance costs for rural roads in China were found to be self-raised by residents. The existing PMS is not widely used for practical application while data of road maintenance are still unavailable and opaque in China at present. It is strongly suggested to conduct a further study on the maintenance costs of rural roads and national roads and establish a road open information platform with the ability of popularization.




7. Patents


The patents and software copyrights generated by the work of this research are under review.
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Figure 1. The influence factors of highway maintenance cost. 






Figure 1. The influence factors of highway maintenance cost.



[image: Sustainability 11 00877 g001]







[image: Sustainability 11 00877 g002 550]





Figure 2. Tornado diagram for factors. 
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Figure 3. Verified model. (a) Using time is five years or less; (b) using time is between five years to 10 years; (c) using time is between 10 years to 15 years; (d) using time is 15 years or more. 
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Table 1. Retail price index (RPI) in Guangdong Province.
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	Year
	2010
	2011
	2012
	2013
	2014
	2015
	2016
	2017





	RPI
	103.31
	105.08
	102.19
	100.98
	101.44
	99.65
	100.78
	101.59
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Table 2. Routine maintenance cost of freeways in Guangdong Province (0.01 million CNY/km).
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Year

	
2010

	
2011

	
2012

	
2013

	
2014

	
2015

	
2016




	
Name

	






	
Highway 1

	
19.08

	
23.15

	
18.93

	
17.65

	
15.94

	
12.59

	
12.91




	
Highway 2

	
8.06

	
9.49

	
8.52

	
8.93

	
9.14

	
8.62

	
7.77




	
Highway 3

	
10.27

	
10.75

	
10.09

	
10.06

	
11.16

	
7.66

	
7.25




	
Highway 4

	
9.02

	
9.28

	
7.35

	
7.83

	
9