

  sustainability-14-05123




sustainability-14-05123







Sustainability 2022, 14(9), 5123; doi:10.3390/su14095123




Article



Improvement in Durability and Service of Asphalt Pavements through Regionalization Methods: A Case Study in Baja California, Mexico



José Cota[image: Orcid], Cynthia Martínez-Lazcano, Marco Montoya-Alcaraz[image: Orcid], Leonel García *[image: Orcid], Alejandro Mungaray-Moctezuma * and Alejandro Sánchez-Atondo[image: Orcid]





Facultad de Ingeniería, Universidad Autónoma de Baja California, Mexicali 21100, Mexico









*



Correspondence: leonel.garcia@uabc.edu.mx (L.G.); alejandro.mungaray@uabc.edu.mx (A.M.-M.)







Academic Editors: Mojtaba Mahmoodian and Le Li



Received: 13 March 2022 / Accepted: 20 April 2022 / Published: 24 April 2022



Abstract

:

The objective of this research is to develop a pavement design procedure that allows calibrating the design variables of asphalt pavements using regionalized conditions, to obtain efficient pavement performance for developing countries with limited resources and data. This study analyzes the roads of the state of Baja California, Mexico; where type structures are determined and the performance grade of the binder used in the manufacture of asphalt concrete is regionalized according to the weather conditions altitude, traffic, and quality of the available materials. In a complementary way, the economic incidence of pavements during its service life is analyzed, projecting the analysis with different pavement structures and damage coefficients. The results show that this approach favors the asphalt pavements that comply with the projected in its service life, reducing maintenance interventions and costs.
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1. Introduction


A pavement is durable if it maintains its structural and functional integrity to a satisfactory level throughout its nominal design life; this, when exposed to the environmental effects and traffic loads [1]. The deterioration in the pavements, overwhelmingly, is attributed to the poor quality of the materials, inefficiency of construction processes, or designs that underestimate the real traffic, subsequently, the design is inadequate regarding the structure of the pavement and the asphalt layer [2]. It is important to mention that pavement is doomed to fail because the materials that constitute it obey to the fatigue laws, that is, a certain number of admitted loads that make the pavement weaker and fail [3]. Therefore, it is necessary to correctly establish design variables, which contribute to the pavement achieving optimum serviceability during the life which they were designed for [4]. According to Andersen [5], one of the key components for the analysis of pavement structural behavior is the response model used to estimate the stresses, deformations, and displacements of the pavement structure subjected to existing traffic, taking into account the properties of the material and predominant environmental conditions. Based on these considerations, the optimum pavement structure must be defined by a design that provides a satisfactory level of performance to the user, an acceptable level of reliability, sustainability in using natural resources, environmental care, and a minimum total cost [6,7,8].



To achieve the above, the mechanistic pavement design method and mechanistic- empirical design method contemplate all the components mentioned. In this sense, current literature has shown that they are the most suitable for maintaining pavements structural and functional integrity [9,10,11,12].



These design methods are powerful tools, but their main problem lies in their eminently empirical nature. The import of the methods into other countries is quite difficult, because it requires a solid database, which is normally not available in most of the developing countries [13,14]. According to Das [15], each region, state, county, and country may be following a particular pavement design guideline, somewhat different than the rest others. The input parameters, the equations, the design recommendations, and thickness values provided in these guidelines may vary widely. For example, the different design methods between counties in the United States of America, the adaptations of these methods in some Latin American countries, and the development of the South African mechanistic pavement design method, the French method, United Kingdom and Shell methods currently in use in Europe, to mention a few.



In Mexico, examples of these tools are the Structural Pavement Sections Catalog for Roads of the Mexican Republic supported by the Ministry of Communications and Transport (SCT for its acronym in Spanish) and a design program promoted by the National Autonomous University of Mexico (UNAM) and funded by the SCT, named as Dispav-5; however, these tools were developed under specific load and climate conditions of the central region of the country, leaving some territorial areas out of reach. Likewise, regarding the already mentioned catalog, it is a document focused on Mexican highways, mostly under federal jurisdiction, where the generalized weight and calculations of the traffic are reflected and also, where the regional temperature is involved [16].



This research aims to develop a procedure that allows calibrating asphalt pavements design variables through regionalized conditions, to obtain type structural sections that achieve economic viability in projects; without diminishing the durability and service of roads. Additionally, this study proposes criteria for the calibration of traffic variables, damage coefficients, resistance characteristics of materials, preparation of pavement-type structures with data that can be obtained through simple laboratory tests, fieldwork or existing information. Thus, it is relevant for developing countries with limited resources and data to design asphalt pavements, where the design lays on experience and empirical knowledge.



After this introduction, a background review of the determining factors in pavements structural and functional conditions is presented in Section 2. Then, the study area and the methodology applied for this study are described in Section 3. The results of the applied procedure and its discussion are exposed in Section 4, finally, a summary and conclusions in Section 5.




2. Background


According to the Federal Highway Administration [17], a balanced and comprehensive pavement condition rating system should be based on two types of pavement conditions, structural and functional. The first one is the pavement’s capacity to receive the traffic and the environmental conditions. The second is the functional condition that is based on ride quality and safety rated by its users.



Various factors influence asphalt pavements durability built on roads; this is because construction processes, quality of materials, design aspects, weather conditions as well as operating conditions directly contribute to asphalt pavements durability [18]. It is important to mention that the present research focuses on highways and roads, mainly in the design stage.



Most of the studies where factors that impact asphalt pavements durability are identified, mainly focus on (1) traffic effects and vehicular loads, (2) characteristics and properties of the materials that make up the structure of the pavements, and (3) weather and road operation effects.



In the first one of these, various studies have analyzed the traffic effects on pavement surface deterioration and the loss of its structural capacity [19,20,21,22]. It is important to mention that vehicular traffic and its solicitations directly affect the structure that constitutes the pavement, for this reason, it is essential to quantify loads magnitude by distributing the different types of vehicles, contact areas, and distribution of tire inflation pressures on the pavement [23].



For existing traffic sizing, AASHTO implements the concept of equivalent single axle load (ESAL) in order to provide a more precise and rational point of view regarding the structural capacity of a pavement [18]. This concept represents the predicted damage unit induced by repetitions of a single axis of 8.2 tons with an inflation pressure of 5.8 kg/cm2 in a time frame [24,25]. According to Lavin [26], the number of equivalent axles is a key aspect in estimating the useful life and design of pavement. As mentioned above, requesting traffic is a contributing factor in predicting damage the pavement will suffer over a time frame. Nevertheless, the characterization of solicitations produced by the traffic on the pavements is quite complex, due not only to the variability and periodicity of the vehicles that drive on them but also to the vehicle-pavement interactions and driving speeds [3].



In the second one of them, several studies point out the importance of the characteristics of the materials that make up pavement structures, since mechanistic methods involve the analysis of stresses and deformations in an elastic multilayer system [27,28,29,30,31].



Regarding the above, asphalt pavements are a system of layers built with different mechanical properties. Usually, upper layers of pavements have the best quality and, with this, decreases with depth until reaching the natural ground [32]. According to Rengifo and Vargas [33], asphalt pavement stability, in order to withstand loads and to resist stresses, depends directly on the internal friction and cohesion of the aggregates used. If those values are adequate, the movement of aggregates is prevented due to the forces exerted by traffic. The determination of the properties and performance of the materials is achieved from a set of established tests or trials, to verify that these materials work correctly according to ranges, limits, and/or standard values for similar or equivalent conditions [34].



Regarding the third factor, studies have analyzed the climatic variable as an aspect in consideration since this directly affects the behavior of the design and evaluation of asphalt pavement durability [35,36,37,38,39]. This condition modifies pavement stiffness due to the thermoplastic properties of the material that constitutes the asphalt layers [40]. Asphalt pavement surfaces progressively deteriorate when exposed to repeated loads caused by traffic and environmental conditions, such as heat, wind, rain, and separation of the asphalt layer by moisture or ultraviolet radiation. All of these factors lead to the cracking of asphalt surfaces in the pavement structure, which leads to failure [41]. In accordance with the above, there is ample evidence that the presence of different climatic phenomena significantly contributes to the deterioration of road pavements. Therefore, the consideration of these events is essential in the planning of design projects.



Besides durability, it is necessary to provide road infrastructure that offers quality, safety, and comfort [42]. The functional quality is rated by users, primarily for surface smoothness, safety, comfort, and infrastructure overall appearance [43]. Furthermore, the elapsed time of failure impacts the pavement life cycle, giving rise to a behavior curve reflecting the service level provided to the user, which in turn has significant economic implications [44].



Due to the above, AASTHO developed a test in 1959. This test establishes serviceability based on the average of the evaluations of the users participating in the study [4,45]. The evaluation of this parameter defines the concept of the Present Serviceability Index (PSI), which qualifies the pavement surface according to a scale of values from 0 to 5 [24]. This index has been used in various studies to optimize the useful life of the pavement through models and decision-making procedures that consider multiple objectives, such as reducing maintenance and rehabilitation costs, preserving the quality of the pavement surface during its useful life, optimal resource allocation, pavement management, as well as equip users with safer and more comfortable roads [46,47,48,49]. Thus, the serviceability evaluation is fundamental for maintenance and rehabilitation decision-making, as well as providing a quality transportation system, optimizing resources, and reducing the costs of road infrastructure during its useful life.



Therefore, a pavement with good performance can reduce costs and risks through the whole life cycle of road infrastructure while keeping users safe. However, the inaccessibility of some countries to apply mechanistic and empirical mechanistic methods, the designer could modify variables in favor of the structure design with lower construction costs, which do not include maintenance work on the pavement [13]. For this reason, generating regionalized pavement structures for road construction is considered essential, eliminating the possibility of manipulating the design variables. Additionally, the Marshall design is widely used in Latin American countries asphalt pavements design. This procedure has substantial drawbacks with respect to replicating the real or actual behavior of asphalt during construction and in actual in-service conditions [50].



That is why several authors have made proposals for the regionalization of variables to design pavements. In this sense, Yang et al. [51] developed an asphalt pavement regionalization multi-index method in China. They conclude that the method’s accuracy and reliability help in ensuring asphalt pavement life service and adequate performance.



Guerrero & Albitres [52] concluded that weather and operating conditions directly influence asphalt pavements’ durability. Therefore, it is necessary to develop techniques that improve the design processes of asphalt pavements and be resilient to the area’s requirements. In fact, since the implementation of the design method Superior Performing Asphalt Pavement (SUPERPAVE), many studies worldwide focus on calibration climatic zones for the PG for asphalt binders, significantly improving the behavior of this material to the environmental conditions of the analysis regions [50,53,54,55,56].



On the other hand, Villacorta et al. [57] carried out a study in Mexico using aging asphalt modeling, concluding that the omission of regionalized factors in predicting asphalt pavements’ mechanical properties presents numerous errors compared to the actual performance. Finally, it is important to mention that in several Latin American countries, pavement design is performed by using adaptations of the AASHTO-93 empirical design method obtaining reliable results [15].




3. Materials and Methods


3.1. Study Area


The state of Baja California has an area of 71,446 km2 that corresponds to 3.6% of the total surface of the country. To the north, Baja California borders the states of California and Arizona in the United States, to the south the state of Baja California Sur, on the east the state of Sonora and west by the Pacific Ocean [58]. Baja California has 5 municipalities connected through a road network that reaches more than 11 thousand kilometers, between 4 and 2 lane roads, coated roads, gaps, and dirt roads (Figure 1). It should be noted that the physical condition of most of these roads is considered in good and satisfactory condition, presenting good conditions for users [59]. Furthermore, the state has project and construction technical standards for road infrastructure works that regulate the quality of materials. However, its deterioration occurs prematurely, which has led to constant maintenance and conservation interventions to keep roads in good condition.



According to the above, roads in the state of Baja California, Mexico are not complying with the estimated time of service, in other words, pavement deterioration is occurring prematurely, being less than 20 years as recommended by the American Association of State Highway Transportation Officials (AASHTO) for road design. Therefore, the need to carry out a more specific analysis of mobilized traffic in the area to be built is foreseen, in order to establish suitable asphalt pavement structures for the region.




3.2. Methodological Description


This research is developed in three fundamental phases. The first one corresponds to the type structures determination for asphalt pavements (1); it consists of designing pavements layers using materials critical resistance parameters according to regional technological limitations and traffic demands. The second phase is the performance grade regionalization of asphalt cement (2), which consists of elaborating a regionalized map according to region temperature and altitude. The final phase is the economic impact analysis of durability regarding asphalt pavements (3); this is an economic analysis of the pavement durability during its service life. In Figure 2, the procedure structure and the input data used in the present investigation are presented.



3.2.1. Type Structures Determination for Asphalt Pavements


In order to calculate thicknesses in asphalt pavement structures, the design meth-od of the interactive computer program Dispav-5 version 3.0 has been used, developed by the UNAM Engineering Institute in 2014, the foundation of this program is theoretical-experimental and for its application concepts and methods of mechanistic calculation are used [60]. Likewise, it was necessary to quantify the magnitude of the loads by distributing the different types of vehicles and representative axles according to its vehicle composition, the contact area, and tire pressure distribution on the pavement. These calculations are made according to the procedure established in report 325 and 444 in the UNAM Engineering Institute series [61].



It is important to mention that for this research, eight traffic ranges are considered, in units of equivalent axles, to cover in a better way the demands of real traffic.



Traffic effects on pavement conditions can be estimated by means of the annual average daily traffic (AADT) and design traffic (DT). The calculation of the equivalent axis corresponding to the traffic through the Equations (1) and (2):


  DT =   AADT   present   × GR =      AADT    apresent   × 365  [       (  1 + GR  )   n  − 1   GR    ]   



(1)




where DT is the design traffic; AADT is the average daily traffic; GR is the vehicle growth rate which is obtained by least squares technique from an initial AADT and a final AADT.


   Σ L  =  (  DT  )  ×  (  CD  )  × ∑ i = 1  PCi     (   wi    ∑ Cdm +  (  1 − wi  )  ∑ Cdv  )   



(2)




where ΣL is the sum of equivalent axis of 8.2 tons expected at the end of the project; DT design traffic; CD is the distribution coefficient per lane in decimals, that is 0.5 for two lane roads, 0.4 to 0.5 on four lane roads and 0.3 to 0.4 on six or more lanes; Cdm is the damage coefficient of cargo vehicles (loaded) and Cdv is the damage coefficient of empty vehicles to calculate this coefficient refer to Corro et al. [60]; Ci is the directional distribution coefficient for each type of vehicle (i); and wi is the proportion of cargo vehicles (loaded) for each type of vehicle (i).



To determine the distribution of loads per axis, analysis by means of the concept of load spectrum is carried out, which is calculated from the quotient between the number of a type of axis for a certain level of load and the total number of axes. For this work, in which an overdesigned pavement structure is sought, the maximum loads allowed and established in current regulations were used; in addition to obtaining the inflation pressures in tires of transport trucks in loaded condition, observing typical values ranging from 98 to 110 pounds per square inch (PSI). Moreover, the update of the damage coefficients of loaded vehicles was carried out using the mathematical model of the engineering institute of the UNAM [61], that is the coefficient of damage produced by any axis (single, tandem and tridem) of weight    d i   P in tons and inflation pressure p in     kg     cm  2      relation to the equivalent axis.



Furthermore, for thicknesses calculation, the physical properties established by the current regulations for materials that make up the different layers are considered [16].


  E = 130    (  C B R  )    0.7    



(3)




where CBR represents the minimum California Bearing Ratio established in current regulations and E is the stiffness modulus for non-stabilized layers.



To obtain the design thicknesses, Dispav 5 uses as a resistance parameter, the concept of critical support value     C B R  ^  =   C B R  ¯   (  1 − 0.84 V  )    where     C B R  ¯    it is the average value in the field and  V  is the coefficient of variation, that is a value between 0.2 and 0.3 depending on the homogeneity of the material. Finally, the method includes a simple procedure to obtain the equivalent design thicknesses    Z N    of the structural section of the pavement, this procedure adapts four nomograms from the Thickness Design-Asphalt Pavements for Highways and Streets of the Asphalt institute that works with the critical support of each layer CBR, Qu confidence level, and the accumulated equivalent traffic in the project lane. With these nomograms, the equivalent thicknesses    Z N    for each layer are obtained at a depth N. The equivalent thickness allows to obtain the structural thicknesses    D i    for each layer by means of the following equation:


   Z N  =  a 1   D 1  +  a 2   D 2  +  a 3   D 3   



(4)




where    Z N    is the design thickness,    a 1    is the equivalence factor (≤2 for hot mix asphalt);    a 2    is the equivalence factor (=1 for mechanically stabilized layers).




3.2.2. Performance Grade Regionalization (PG, for Its Acronym in English) of Asphalt Cement


For PG grade regionalization, an analysis of the weather conditions of the five municipalities that make up the entity is necessary, using the weather stations network of the National Water Commission (CONAGUA for its acronym in Spanish). This network has 122 stations distributed in Baja California, of which only 57 fulfilled the criteria established in the N-CMT-4-05-004/18 standard of the SCT necessary to calculate the PG grade; this, due to lack of data in some stations. The already mentioned calculations are performed considering high temperatures, through the following equation:


      T   (  p a v  )    = 54.32 + 0.78  T   (  a i r  )    − 0.0025 L a  t 2  − 15.14 l o  g  10    (  H + 25  )      + Z    (  9 + 0.61   σ  a i r   2   )    1 / 2       



(5)




where: T(pav) represents the pavement temperature below the surface in °C, T(air) is the average air temperature of the seven consecutive hottest days in °C, H is the depth from the surface in mm,    σ  a i r     is the standard deviation of the seven consecutive hottest days in °C, and Z from the normal distribution table, Z = 2.055 for 98% reliability.



On the other hand, for low temperature, the following equation is used:


      T   (  p a v  )    = − 1.56 + 0.72  T   (  a i r  )    − 0.004 L a  t 2  6.26 l o  g  10    (  H + 25  )      − Z    (  4.4052   σ  a i r   2   )    1 / 2       



(6)




where: T(pav) represents the pavement temperature below the surface in °C, T(air) is the lowest air temperature (average of the coldest days of the year) in °C, H is the depth from the surface in mm,    σ  a i r     is the standard deviation of the lowest temperature in °C, Z from the normal distribution table, Z = 2.055 for 98% reliability.



By obtaining the value of T(pav) from the already mentioned equations, the area of influence of each one of the climatic stations is determined by means of the Thiessen Polygon method. This methodology is used to study the spatial and temporal distribution of hydrological variables (temperature, precipitation, infiltration) and in engineering applications [62], through a Geographic Information Systems (GIS), in which the zonification maps are generated. However, the Thiessen Polygon method does not consider the elevation of the climatic station; thus, when a difference in elevations of more than 500 m was identified in the same polygon, its area of influence was adjusted (Figure 3).




3.2.3. Economic Impact of Durability on Asphalt Pavements


For the economic impact analysis of asphalt pavements durability, a costs analysis is carried out to build and maintain a road for 20 years; starting the intervention on the pavement surface when regular surface condition is present, in accordance with the pavement serviceability diagram of the AASHTO pavement structure design guide (Figure 4).



For this analysis, road data are used from a random monitoring station from some of the roads in Baja California, and data were provided by the SCT. Likewise, two types of structures are used: one is proposed by this research (type 1), and the other one refers to a conventional structure recommended in federal regulations (type 2), as well as three different damage coefficients (DC):




	(1)

	
New DCs, these are calculated through maximum permissible axles loads conditions, stipulated in the NOM-012-SCT-2-2014 regulation and by the common tires inflation pressures in Baja California.




	(2)

	
DC 1978, these are established in appendix E of publication no. 444, by the UNAM Engineering Institute.




	(3)

	
Default DC, these are used by default in the Dispav-5 design program, when the designer does not have information on tire inflation pressure and actual project loads.



The AASTHO serviceability diagram was adjusted according to the damage coefficients obtained, using the projected life. Once the pavements’ life was established, the serviceability curves were adjusted, using the equation obtained from the trend for each of the damage coefficients analyzed. The intervention curves were constructed using the same trend equation obtained for each graph, an example can be found in Figure 5.









In order to establish the differences in the previously mentioned scenarios in the equivalent axles obtained and to determine, approximately, the lifetime of the projected pavement, construction and maintenance costs are estimated based on a road with a 3.65-m lane width, a single lane and a length of one kilometer for a pavement consisting of a structure with different layers that includes the subgrade, sub-base, hydraulic base, and hot asphalt mix layer (HMA). As for maintenance work, the milling of 5 cm of the asphalt layer is established and incorporates a hot-made overlayer, being the most common in the region.






4. Results and Discussion


4.1. Asphalt Pavement Structures


The first step of the proposed method considers the analysis of traffic, which is usually dynamic even in the same region, so this method considers existing databases. For this study area the SCT traffic data for Baja California state is used. Figure 6 shows the proposed type structures made with asphalt pavement for the study area. It is important to mention that these sections are classified according to the number of equivalent axles obtained, so it must start from the vehicular gauging generated through existing pavements or from an estimated traffic study for new pavements, with the objective of choosing the most suitable option.



The application of the method in the case study allowed to characterize the traffic in eight representative ranges. A variation in the pavement structures of each one is observed, starting from 50 cm in the case of less traffic and reaching structures of 177 cm when the traffic exceeds 100,000,000 equivalent axes. This is in contrast to the National Catalog of Structural Sections, which establishes five ranges, which can cause pavement oversizing in some regions and higher investment costs. Additionally, the procedure established for this research work allows the establishment of specific structures for any traffic intensity.




4.2. Asphalt Binder Performance Grade (PG)


For asphalt binder selection, an analysis is generated to prepare the map with the zonification of the state of Baja California, where asphalt cements PG grade are established by temperature and elevation (Figure 7). This tool allows managing agencies, designers, or builders to determine the PG grade of the asphalt binder, based on the geographical coordinates of the road to build or to maintain.



In the case study, two PG were found, characterized mainly by the proximity to the oceans, the presence of mountain ranges, and desert areas. It is important to mention that the PG can be adjusted based on the non-recovered deformation of the    J  n r     binder so that the asphalt adapts better to traffic intensity and speed. However, it is advisable to carry out the above in a specific area once the road to be built has been defined. In this sense, in the present analysis, regionalization of the PG had to be carried out only from the area of influence of the climatological stations.




4.3. Serviceability Analysis and Economic Implications


The results of the evaluation of interventions through the serviceability curve for different damage coefficients, show the need to increase maintenance interventions to maintain a road in good working conditions, over a 20-year useful life (Figure 8).



In this regard, the total cost of a road built with the proposed structure represents a higher construction cost than the one proposed by the current regulations. However, according to the results obtained, when using the proposed structure, a 20-year useful life is achieved with a single intervention. Unlike conventional structures that are supported by publication no. 444 of the UNAM Engineering Institute and in the Dispav-5 program, which require, respectively, eight and three interventions. It is for this reason that the proposal presented by this research considerably reduces the integral cost of the road to build and to preserve, as shown in Figure 9.





5. Summary and Conclusions


In this research, a regionalized pavement design procedure is proposed, suitable for developing countries with limited resources and data to design with mechanical or mechanical-empirical approaches.



This procedure is based on calibrating asphalt pavements design variables through regionalized conditions. It was applied in the state of Baja California, México, highlighting these findings:



	
Allows using available traffic data or fieldwork to estimate the damage received by the asphalt pavement.



	
The resistance parameters of the materials that make up the pavement structure can be obtained through simple laboratory tests with reliable results.



	
Proposes a simple procedure to establish the PG of asphalt cement, adjusting the information from the meteorological stations based on its temperature and altitude.



	
The procedure develops a map that helps decision-making by the correct selection of asphalt cement.



	
It sets a benchmark for pavement designers by allowing their designs to be compared with standard structures.



	
Designing with this approach can considerably reduce the integral cost of the road to build and to preserve.



	
The procedure can support the planning and decision-making regarding investment in asphalt pavements in different territorial scales, considering urban areas, regions, or even an entire country.






The proposed method allows obtaining reliable results. However, an improvement opportunity is to integrate all processes into a single pavement design tool to facilitate the pavement design task.



Thus, roads construction with asphalt pavements extends beyond the pavement design stage since construction processes, quality of materials, and weather and operating conditions contribute significantly to the durability. However, the use of regionalized methods reduces uncertainty in the design stage, contributing to the vision of improving the durability and service conditions of the road infrastructure.
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Figure 1. Baja California municipal boundary and road network. 
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Figure 2. Research methodology. 
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Figure 3. Areas of influence determination in the state of Baja California. 
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Figure 4. Functional capacity loss of a pavement over time. Adapted from ref [24]. 
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Figure 5. Graph of equivalent axes with different damage coefficients and pavement projected life. 
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Figure 6. Type sections for asphalt pavements in Baja California. 
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Figure 7. Performance grade (PG) selection map of asphalt binder. 
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Figure 8. Number of maintenance operations required through the serviceability curve for different damage coefficients. (a) serviceability new coefficients; (b) serviceability with default coefficients; (c) serviceability with 1978 coefficients. 
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Figure 9. Comprehensive cost in 1 km of asphalt pavement. (a) serviceability new coefficients; (b) serviceability with default coefficients; (c) serviceability with 1978 coefficients. 
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