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Abstract

:

Bus lanes play a crucial role in urban areas as their primary objective is to increase public transport efficiency and help traffic and public transit systems flow more smoothly. This study starts with traffic and climate monitoring to verify asphalt bus lanes in Rome, Italy, according to the Italian Pavement Design Catalogue published in 1995. KENLAYER software calculated the stress-strain conditions under real traffic loads (i.e., hourly passages of urban buses, considering their axle load and seat occupancy rate), typical subgrade bearing capacity (i.e., resilient modulus equal to 90 MPa), current climate conditions, and road material properties. Then, the Mechanistic-Empirical Pavement Design Guide (MEPDG) was used to verify the response of the pavement structure. The fatigue verification of bound materials resulted in damage values much lower than 1 at the end of the 20-year service life (i.e., 0.12 with the Asphalt Institute and 0.31 with the Marchionna law, respectively) and highlights that the Italian catalogue’s sheets are overdesigned. On the other hand, the rutting verification according to MEPDG is not satisfied after an 11-year service life (i.e., the total rutting is equal to 1.50 cm), forcing frequent and expensive maintenance of wearing and binder courses. Therefore, the results confirm the validity of the Italian catalogue for fatigue service life and suggest the need for high-performance asphalt to prevent early rutting due to bus traffic increasing by load and frequency in previous decades.
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1. Introduction


A road pavement catalogue offers a simplified approach to design layer thicknesses based on traffic and subgrade bearing capacity related to the material characteristics. This tool is used worldwide for different pavements and infrastructures. In previous decades, solutions for airports [1], harbours [2], roads [3], and bike lanes [4] have been studied and proposed in the literature. Additionally, catalogues to design road pavements with recycled aggregates [5], modular pavements composed of cube stones [6], and concrete pavers have been published [7]. In Europe, many countries employ catalogues as official design methods to meet the needs of public administrations with easy- and prompt-to-use solutions. Germany uses a catalogue [8] to design pavements by varying traffic levels, subgrade bearing capacity, and frost susceptibility. This catalogue is updated every 10 years (most recently in 2012). Austria’s bituminous pavement design and construction standard [9] provides solutions depending on daily average traffic and weather conditions. The French Technical Guide [10] suggests asphalt and concrete solutions based on material properties and pavement management. Croatia’s national standard for asphalt pavement design [11] relies on the AASHO Road Test to design flexible structures. A new Polish catalogue for flexible and rigid pavements [12] updated traffic categories, materials, and technologies.



Pavement catalogues reflect long-term experience concerning materials’ properties, climate conditions, and traffic levels. The mechanistic-empirical method, laboratory testing, and field observations can validate the cross-sections proposed by catalogues [7,13,14]. In recent years, rational structural calculation methods have been implemented based on finite element analyses and fatigue laws [15]. Finite element methods (FEM) allow structural analysis of multi-layered pavement with specified mechanical characteristics [16,17,18]. However, they require high setting and computational time.



Since 1995, the Italian Pavement Design Catalogue [19] has been providing pre-calculated sets of pavement suitable for Italian traffic, climate conditions, and road types (i.e., rural highways, urban highways, primary rural and high-capacity roads, secondary rural roads, secondary touristic roads, high-speed urban roads, local roads, and bus lanes). It is the official design method for four pavement types (i.e., asphalt, semirigid, jointed plain concrete, and continuously reinforced concrete). For each road type, variety of boundary conditions in terms of subgrade bearing capacity (i.e., resilient modulus equal to 30 N/mm2, 90 N/mm2, and 150 N/mm2) and commercial traffic volume during the service life (i.e., 400,000, 1,500,000, 4,000,000, 10,000,000, 25,000,000, and 45,000,000), it gives four sheets, one for each pavement type. Not all combinations are reasonable for each road type, and it recommends more than 200 structural sections calculated with rigorous methods [20]. This design tool is used in the preliminary phases of a road project when the input parameters have not been investigated yet. Concerning bus lanes, it proposes 44 solutions. Figure 1 shows the sheet from the Italian catalogue for flexible bus lanes.



All the catalogue sheets show, in columns, the subgrade resilient modulus value in MPa, and in rows, the number of commercial vehicle passages (weight > 35 kN). As the resilient modulus increases, the deep layers (i.e., asphalt base and granular sub-base) can be reduced while the surface layers (i.e., wearing and binder courses) remain unchanged. Furthermore, as the number of heavy vehicle passages increases, the thicknesses of the all the asphalt layers increase.



In this study, four bus lanes in Rome, Italy, have been monitored hourly in 2022, in order to obtain the traffic mix and its daily, weekly, and seasonal distribution. The surveyed mix significantly differs from that proposed in the Italian catalogue and consists of two axle 12 m-long vehicles and three axle 18 m-long articulated vehicles, whose maximum weight is 195 kN and 305 kN, respectively.



The monitored traffic volume and spectrum, the actual subgrade bearing capacity, the catalogue climate conditions, and the road materials' properties have been used as input data to verify and compare the pavement of the busiest bus lane with the solution proposed by the Italian catalogue. Therefore, a stress-strain analysis has been performed, using KENLAYER software from the KENPAVE suite. This can calculate the pavement response structure based on the multilayer elastic response model [21]. The response in terms of stresses, strains, and deformations has been used for rutting according to MEPDG [22] and fatigue verification through the empirical prediction laws of the Marchionna and Asphalt Institute [20,23] over a 20-year service period.



This research provides a detailed examination of pavement performances, durability, and the prediction of its degradation over time. Specifically, it demonstrates that asphalt pavements, sized according to the Italian catalogue, have a satisfactory service life. Furthermore, they require repaving due to the formation of ruts, and anti-rutting mixtures are necessary to reduce resurfacing operations.




2. Materials and Methods


Figure 2 shows the procedure implemented in this study to verify the pavement in terms of fatigue and rutting under different input data. The presented flowchart is derived from the MEPDG methodology. It combines empirical elements and mechanical principles to calculate the pavement’s response to varying layer materials (elastic modulus and Poisson ratio), traffic (loads spectra), climate (thermal seasonal variations), and sub-grade properties (bearing capacity).



2.1. Traffic


Proper pavement design requires a thorough understanding of traffic flow, types of passing vehicles, and loads on the pavement. This study analysed the fleet of buses used in the urban service of Rome (Italy) and the types of tourist buses passing through the bus lanes, looking for different overall masses, numbers, and types of axles compared to [19]. In recent years, Intelligent Transportation System (ITS) devices have provided innovative services for monitoring traffic in Rome [24]. The Mobility Control Centre has recorded the occupation of bus lanes through video surveillance cameras, allowing traffic data collection. Table 1 lists the most frequently detected bus models.



The weight and configuration of the axles do not differ between buses of the same length, while a considerable difference occurs between the 12 m-long and 18 m-long buses. In Table 2, the 12 m buses consist of two single axles (↓) of 75 (A) and 120 (B) kN, respectively, while the 18 m buses consist of three single axles of 75 (A), 110 (C) and 120 (B) kN, respectively. According to Table 1, Table 2 details the bus fleet assumed in this study and the weight of each individual axle is indicated by different letters.



The actual urban bus fleet mix differs from the most widespread types of buses when the Italian CNR catalogue was drafted. Table 3 shows the bus fleet according to Italian CNR catalogue [19].



All urban buses have two axles and weigh less than 160 kN (Table 3). By contrast, the new mix includes three axle vehicles that are 305 kN and two axle buses that are 195 kN. Given the collected mobility data, the modelled bus flow is composed of 80% 12 m-long and 20% 18 m-long buses.



The hourly seat-load factors of the vehicles have been investigated for accurate modelling of loads. Concerning the busiest month in the year, Figure 3 shows the average hourly distribution of traffic in one of the monitored bus lanes. The bars in Figure 3 distinguish tourist (i.e., orange bars) and public urban buses (i.e., blue bars).



Tourist buses have a much lower frequency than city buses, over a 24 h period the share of tourist buses in relation to public urban buses is around 11%, therefore only public urban buses were considered in this study.



Finally, the hourly seat occupancy allowed a detailed analysis of stress-strain conditions by traffic. Table 4 shows the seat occupancy for the considered time slots.



Table 5 lists the curb and maximum weight of each bus model. Their difference gives the Gross Vehicle Weight, the sum of passengers, curb, and cargo weights.



For each investigated bus lane (BLi, i = 1, …,4), Table 6 shows the monthly traffic volume in 2022.



Finally, the overall number of passages (    y   N    ) after a 20-year service life (N) has been calculated according to Equation (1).


    y   N   =   ∑  n = 1   N      y   1   ·     1 + r     n      



(1)




where     y   1     is the traffic in the first year,   n   is the i-th year between 1 and N, and r is the yearly constant increasing rate equal to 0.5% according to [25]. Table 7 shows the expected number of passages of the surveyed BLi after 20 years.



The maximum     y   20     is approximately 4 million cycles expected in 20 years, as shown in Table 7. For this reason, and because the 90 N/mm2 is a typical Roman modulus of subgrade, pav. 8 was selected from the Italian catalogue for flexible bus lanes.




2.2. Climate Conditions


Since asphalt has thermosusceptible properties [26,27,28], the estimation of pavement temperature is pivotal to verifying pavements [29]. The thermal pavement conditions depend on climate inputs, the materials’ physical properties, and the layers’ thickness and depth [30]. The annual air temperatures in Rome were investigated through time series from the Italian Air Force data recorded over the last 20 years. Since no significant variations have been noted between the actual climatic conditions and those considered in the catalogue, this study used the climate conditions proposed by [31]. Table 8 lists average seasonal data in terms of air temperature (T), air temperature variation (TV), solar irradiance (SI), and annual average wind speed (w).



In this study, Barber’s law [32] has been adopted to estimate the layers’ temperature. Equation (2):


    T   p a v     z , t   = T + R +       T   v     2   + 3 R   ⋅ F ⋅   exp  ⁡    − C ⋅ z     ⋅   sin  ⁡    0.262 t − C ⋅ z −   arctan  ⁡    C   H + C         ,  



(2)




where     T   p a v     z , t     is the temperature in °C of the pavement at depth   z   and time   t  ;   R   is the daily solar radiation contribution to air temperature in °C, according to Equation (3):


  R =   2 ⋅ b ⋅ S I   3 ⋅ 24 ⋅ h    



(3)




where   b   is the surface absorptivity for solar radiation;   h   is the surface coefficient according to Equation (4):


  h = 4.882 ⋅   1.3 + 0.4332 ⋅   w   0.75      



(4)







  F   is according to Equation (5):


  F =   H    ( H + C   )   2   +   C   2       



(5)







  H   and   C   derive from Equations (6) and (7), respectively:


  H =   h   p    



(6)




where   p   is the thermal conductivity and


  C =   0.131 ⋅ s ⋅ γ   k    



(7)




where   s   is the specific heat, and   γ   is the bulk density.



Once all the parameters have been obtained, it is possible to determine the temperature at the midpoint of each asphalt layer by varying time and season.




2.3. Material Properties


The Witzak–Fonseca model [33] was used to model the mechanical performance of asphalt. This model was chosen due to its high accuracy. In this study [34], the authors estimated a coefficient of determination (R2) of 0.88.



The complex stiffness modulus (    E   *    ) depends on material temperature, loading speed, age, and physical characteristics of the mixture Equation (8):


    E   *   = 689 ×   10   a    



(8)




where a is:


  a = − 0.261 + 0.008225 ·   ρ   200   − 0.00000101 ·       ρ   200       2   + 0.00196 ·   ρ   4   − 0.03157 ·   V   a   − 0.415 ·     V   b   e f f       V     b     e f f   +   V   a      +   1.87 + 0.002808 ·   ρ   4   + 0.0000404 ·   ρ     3   8     − 0.0001786   ·     ρ     3   8         2   + 0.164 ·   ρ     3   4         1 +   e   ( − 0.716 · l o g   f   − 0.7425 · l o g     η     10   6            



(9)




where   η   is the bitumen viscosity,    f   is the frequency of the load,     V   a     is the percentage of void content in the asphalt mixture,     V   b   e f f     is the percentage of the effective bitumen content,     ρ   3 / 4    ,     ρ   3 / 8    , and     ρ   4     are the percentage of material retained on 3/4, 3/8, and 4 sieves, respectively, and     ρ   200     is the percentage passing a 200 sieve.



The viscosity of the unaged bitumen (  η  ) can be derived from Equation (10) [22]:


    log  ⁡    log  ⁡  η       = A + V T S   log  ⁡  ( 1.8 T + 491.68 )    



(10)




where T is the asphalt temperature in [°C]; A and VTS are dimensionless coefficients depending on the bitumen grade. These parameters have been identified for neat and modified aged bitumen [28,35,36]. Unlike the MEPDG method, this study calculates the modulus of elasticity of the mix using the A and VTS parameters for an already aged bitumen. Table 9 lists the reference values of A and VTS according to [37]:



The aggregate size spectrum commonly used in Italy allowed the calculation of     E   *     for all asphalt layers by varying daily and seasonal temperatures (Figure 4).



The sub-base granular mix must have a minimum of 30% Californian Bearing Ratio, which equals 80 MPa resilient modulus according to [38,39]. Finally, a subgrade resilient module of 90 MPa has been chosen. Table 10, Table 11, Table 12 and Table 13 list the asphalt’s complex moduli of each layer in winter, spring, summer, and autumn, respectively, used for pavement verification.




2.4. Pavement Structural Model


The input data have been used to assess stresses, deformations, and displacements in the designed road pavements through a specific calculation program based on the multilayered elastic theory [21]. The structural analyses focus on the interface between bound and unbound layers (e.g., asphalt subbase–subgrade and asphalt base–granular subbase, yellow points in Figure 5).



In the multilayer elastic theory, each axle load is usually symmetrical and equally distributed among the tires, and the tire load has a circular footprint area (green points in Figure 5) [6,40,41,42]. Figure 5a and b show the layouts from KENLAYER [43,44,45] of single and dual wheels, respectively, where the interface between layers is considered bonded and in full contact. The tire inflation pressure was equal to 750 kPa [46,47,48].



In Figure 5, green points in the top view are the positions where stresses and strains have been calculated. For the single-wheel axle, the point is the tire footprint centre because it is the most stressed position, while two points have been chosen for the dual-wheel axle (Figure 5b). It is crucial to select the most burdensome point at different depths. In the fatigue verification process, the most stressed point in the bonded layers is usually the deepest of the asphalt layers (the yellow point in Figure 5). For the rutting verification, it is necessary to evaluate the vertical deformation due to the vertical strain at the centre of each layer (i.e., the red points in Figure 5). KENLAYER outputs provide the pavement stress-strain conditions for each axle, time slot, and season used to verify fatigue and rutting.




2.5. Fatigue Cracking


Fatigue occurs in bonded layers due to cyclic tensile stresses due to vehicular traffic [49]. Miner’s law is the most used approach in calculating fatigue strength [50]. It assumes that the damage (D) caused by cyclic loads over time is cumulative and assigns to each passage a cumulative fatigue value, Equation (11).


  D =   ∑  j = 1   4      ∑  i = 1   5      ∑  k = 1   6        n   k , i , j       N   f   k , i , j            



(11)




where k is the time slot,   i   is the axle weight,   j   is the season,     n   k , i , j     is the predicted number of axle passages, and     N   f   k , i , j     is the maximum number of axles allowed according to the Marchionna [20] and Asphalt Institute [51,52,53,54] laws. Equation (12) was used to verify the Italian catalogue [19].


    N   f   =   10     6 + 4.7619 ·   L o g     Γ ·   V   b       V   b   +   V   v       − L o g   ε   h         + 1.373 ·   e   − 1.098 n   ·     h   a     ( − 0.157 + 0.476 n )    ·             E   *       10         α   ′     ·         σ   h     10         β   ′     ·   10     μ   ′        



(12)




where     ε   h     is the tensile strain at the bottom of the deepest asphalt layer;     σ   h     is the horizontal tensile stress at the bottom of the deepest asphalt layer;     V   b     is the volume of bitumen concerning the mixture;     V   v     is the air voids content;     h   a     is the height of the asphalt layers;   Γ  ,   n ,     α   ′    ,     β   ′    , and     μ   ′     are experimental coefficients.



Equation (13) shows the Asphalt Institute fatigue law:


    N   f   = A · 0.00432 · C ·   ε   h   − 3.291   ·       E   *       − 0.854    



(13)




where   A   is equal to 18.4 [44]; C is a correction factor according to Equation (14):


  C =   10   M    



(14)




where   M = 4.84 ·       V   b       V   a   +   V   b     − 0.69    



The stress-strain conditions have been analysed at the deepest point of the base layer because it is the bottom bound layer.




2.6. Rutting Law


Rutting is the accumulation of permanent vertical deformation due to the passage of vehicle tires (wheel path) in all or some of the layers in the pavement structure [55]. It affects both bound and unbound road materials. Traffic and environmental conditions cause rutting [56,57,58], and high temperatures make the mix more deformable and favourable to plastic deformations. In this study, the adopted rutting model complies with [22] Equation (15):


    ε   p   =   ε   r   ·   K   1   ·   10     K   2     ·   ( 1.8 · T + 32 )     K   3     ·     N     B    



(15)




where     ε   p     is the permanent strain after N load cycles,     ε   r     is the resilient strain obtained by elastic analysis, T is the temperature at the intermediate point of the layer calculated in this study with the Barber model  ,     K   2    ,     K   3    , and B are the constant values −3.4488, 1.5606, and 0.4792, respectively. Finally,     K   1      is calculated according to Equations (16) to (18):


    K   1   =     C   1   +     C   2     25.4     · d   ·   0.328196       d   25.4        



(16)






    C   1   = 0.1039 ·         h   a c     25.4       2   + 2.4868 ·       h   a c     25.4     − 17.342  



(17)






    C   2   = 0.0172 ·         h   a c     25.4       2   − 1.7331 ·       h   a c     25.4     + 27.428  



(18)




where     h   a c     is the thickness of the bitumen layers, and   d   is the calculation point depth.



Equation (15) is the model for permanent deformation under specific pavement conditions and load repetitions. The total rutting is not the sum of various contributions, but they are combined according to [22] (Figure 6):



In Figure 6,     ε   p   t o t   ,   l   is the permanent strain of the considered layer (  l  ) according to Equation (19):


      ε   p   t o t ,   l   = A   n , m   ·       ∑  j = 1   n      ∑  i = 1   m      N   i , j   ·         A   i , j       A   n , m           1   B             B    



(19)




where   j   is the considered climate condition, n is the last climate condition,   i   is the load condition,   m   is the last axle, and A is a coefficient from Equation (20):


  A =   ε   r   ·   K   1   ·   10     K   2     ·   ( 1.8 · T + 32 )     K   3      



(20)







Finally, the overall deformation of the pavement (  ∆ h  ) is according to Equation (21):


  ∆ h =   ∑  l = 1   t t      h   a   l     ·   ε   p   t o t , l    



(21)









3. Results


The values of stresses and strains from the mechanical model allowed verifications of fatigue and rutting. Table 14 lists the horizontal outputs 28 cm below the pavement surface, where the bottom bound layer for fatigue verification is located.



The decrease in E* due to the asphalt temperature decreases stress and increases strain (Table 10, Table 11, Table 12 and Table 13). For each axle and time slot, the summer strain is about 140% higher than in winter and 70% higher than in spring or autumn. For example,     ε   h     of axle B in the late evening is −4.68 × 10−5 in winter and −1.14 × 10−4 in summer. According to Table 2, the modelled dual wheel axles weigh about 60% more than the single ones, but their increase in stress is about 25%. Comparing the A and B axles, the stress increase is at its maximum during wintertime (i.e., −632.56 kPa vs. −845.59 kPa at 6:00 a.m.–8:59 a.m.) and minimum during summertime (i.e., −447.20 kPa vs. −532.34 kPa at 12:00 p.m.–2:59 p.m.). The results in Table 14 allowed for the fatigue damage calculation reported in Table 15.



Summer is the most severe season for fatigue despite its low traffic volume (Table 7), due to a decrease in the elastic complex modulus. Table 16 summarises the fatigue damage calculation at the end of the service life. Both laws verify pav. 8 in Figure 1. Despite the new traffic mix, pav. 8 is still satisfactory with fatigue.



Marchionna’s fatigue law is more severe than the Asphalt Institute one (i.e., D is 0.31 vs. 0.12). Their approach to fatigue threshold can explain such differences. The fatigue threshold is 10% fatigue cracking in the wheel path according to Marchionna’s law [20] and 20% according to the Asphalt Institute law [53,59,60].



Finally, rutting has been verified from vertical strain in the middle point of each layer. Table 17 lists the vertical stress-strain conditions of the wearing layer, which is the most critical one.



In Table 17, the highest strain occurs during summer (e.g., at 9:00 a.m.–11:59 a.m. the strain values are 4.56 × 10−5 in wintertime and 2.04 × 10−4 in summertime for the A axle). It reveals that summer has the highest rutting incidence despite having the lowest traffic volume.



According to Equation (21), Table 18 shows the rut depth evolution for the wearing and binder courses. The sum of the two contributions is the total rut depth.



Rutting exceeds the limit of 1.5 cm in the 11th year [52,53], so it is not verified throughout the life of the pavement, and it is necessary to anticipate the rehabilitation of the wearing and binder courses.




4. Conclusions


Over the last 20 years, we have seen an increase in commercial vehicles’ mass, which can affect the durability and life of the pavement, so it is necessary to review the input data to discover a more correct design. In 2022, data from traffic monitoring systems have been collected from four bus lanes in Rome to verify flexible pavements. A network of ITS (Intelligent Transport System) sensors returned the traffic mix and traffic level, allowing detailed modelling of the load distribution over the year. Thanks to the ITS system and the traffic growth trends, it was possible to identify a range between 2.6 and 4 million passages during a 20-year service life. This analysis also included a detailed observation of the traffic spectrum, specifically focusing on buses that are 12 and 18 m in length. Dual wheel buses are the major difference between the current traffic mix and the traffic mix considered in the Italian catalogue to design pavements of bus lanes. This axle configuration favours pavement structures because the induced stresses do not increase proportionally, despite the axle weight.



The hourly traffic of the busiest lane and weather data allowed a sophisticated analysis of the asphalt complex modulus to predict fatigue and rutting according to experimental laws in the literature. Stresses and strains in the pavement are identified using KENLAYER according to the multilayered elastic theory, which is a valid tool for verifying road pavements.



The seasonal analysis of the cumulative fatigue damage showed that despite the lower number of passages during the summer, the cumulative damage is higher due to the decrease in stiffness and the increase in deformations. These factors contribute to a decrease in pavement life. The prediction results depend on the adopted fatigue law. The results of this study show that the analysed pavement has fatigue damage D = 0.31 for the Marchionna law and D = 0.12 for the Asphalt Institute law at the end of its service life.



The results of the study show that the pavement catalogue has a higher safety factor because the pavement continues to have a long service life despite increasing loads. Therefore, it is important to verify that the catalogue is used with appropriate design methods and actual field conditions. Nevertheless, rutting reaches 2.1 cm, which is more than the admitted limit (i.e., 1.5 cm), and it requires the resurfacing of wearing and binder courses every 10 years. It suggests high-performance mixtures to reduce the rutting rate, maintenance costs, and environmental impacts.



The results of this research are valuable for conducting feasibility analyses and initial evaluations of the pavement management system. A catalogue provides engineers with a basis for early estimation of construction and maintenance costs and materials required for the infrastructure. However, these results are affected by the input data; detailed studies of traffic, sub-grade strength, and climatic conditions, which are are essential for application under different conditions. A sensitivity analysis could identify a range of climatic, traffic, and pavement conditions that would validate the fatigue and rutting assessments.
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Figure 1. Bus lane designs for flexible pavements [19]. 
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Figure 2. Applied methodology flowchart. 
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Figure 3. Public urban and tourist buses’ passages during a day in October 2022. 
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Figure 4. Daily and seasonal     E   *     curves for a wearing course. 
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Figure 5. Loads and layers representation of (a) single-wheel load, and (b) dual-wheel load. 
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Figure 6. Combination of rutting phenomena based on MEPDG. 
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Table 1. Monitored bus models in Rome.
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	Vehicles for Urban Mass Transport
	Vehicles for Tourist Transport





	Iveco Irisbus Citelis 12 m
	Setra Comfort Class 12 m



	Iveco Irisbus Citelis 18 m
	Mercedes-Benz Turismo 12 m



	Iveco Urban Way 12 m
	Man Lion’s Coach 12 m



	Mercedes-Benz Citaro 12 m
	



	Temsa Avenue 12 m
	










 





Table 2. Actual urban bus fleet mix.
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	Vehicle Type
	Illustration
	Load Pattern
	Axles Load

ID and Weight (kN)





	Bus 12 m
	[image: Infrastructures 09 00050 i001]
	[image: Infrastructures 09 00050 i002]
	↓A (75) ↓B (120)



	Bus 18 m (articulated bus)
	[image: Infrastructures 09 00050 i003]
	[image: Infrastructures 09 00050 i004]
	↓A (75) ↓C (110) ↓B (120)










 





Table 3. Urban bus fleet according to Italian CNR catalogue [19].
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	Vehicle Type
	Illustration
	Load Pattern
	Axles Load

ID and Weight (kN)





	Old Bus 1
	[image: Infrastructures 09 00050 i005]
	[image: Infrastructures 09 00050 i006]
	↓D (40) ↓E (80)



	Old Bus 2
	[image: Infrastructures 09 00050 i007]
	[image: Infrastructures 09 00050 i008]
	↓F (60) ↓G (100)










 





Table 4. Bus seat occupancy in October 2022.
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	Time Slots
	Seat Occupancy





	6:00 a.m.–8:59 a.m.
	100%



	9:00 a.m.–11:59 a.m.
	50%



	12:00 p.m.–2:59 p.m.
	70%



	3:00 p.m.–5:59 p.m.
	50%



	6:00 p.m.–8:59 p.m.
	100%



	09:00 p.m.–5:59 a.m.
	30%










 





Table 5. Axles’ maximum and curb weight for the actual studied bus fleet.
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Bus Length

	
Axle ID

	
Maximum Weight (kN)

	
Curb Weight (kN)

	
Gross Vehicle Weight (kN)






	
12 m

	
A

	
75

	
44

	
31




	
B

	
120

	
76

	
44




	
18 m

	
A

	
75

	
42

	
33




	
C

	
110

	
66

	
44




	
B

	
120

	
72

	
48











 





Table 6. Investigated Bus Lanes (BL)—observed monthly traffic volume in 2022.
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Season

	
Month

	
Number of Passages




	
BL1

	
BL2

	
BL3

	
BL4






	
Winter

	
January

	
18,684

	
18,643

	
10,066

	
10,704




	
February

	
17,015

	
17,121

	
10,168

	
10,888




	
March

	
19,360

	
19,380

	
10,738

	
11,212




	
Spring

	
April

	
18,339

	
18,228

	
10,194

	
10,482




	
May

	
13,143

	
13,822

	
10,454

	
10,054




	
June

	
12,544

	
11,345

	
10,322

	
9436




	
Summer

	
July

	
11,252

	
10,244

	
9655

	
8710




	
August

	
10,875

	
10,945

	
9435

	
8546




	
September

	
17,126

	
17,422

	
10,788

	
9947




	
Autumn

	
October

	
19,835

	
19,856

	
11,064

	
10,727




	
November

	
19,211

	
17,843

	
11,546

	
14,568




	
December

	
19,586

	
18,517

	
11,455

	
12,075




	

	
Total

	
196,970

	
193,366

	
125,885

	
127,349











 





Table 7. Investigated Bus Lanes (BL)—expected traffic 20-year service life.
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Season

	
Month

	
Vehicles Passages




	
BL1

	
BL2

	
BL3

	
BL4






	
Winter

	
January

	
391,974

	
391,114

	
224,560

	
212,232




	
February

	
356,960

	
359,183

	
213,316

	
214,382




	
March

	
406,156

	
406,575

	
225,274

	
226,400




	
Spring

	
April

	
384,736

	
382,407

	
213,861

	
214,930




	
May

	
275,729

	
289,973

	
219,316

	
220,412




	
June

	
263,162

	
238,008

	
216,546

	
217,629




	
Summer

	
July

	
236,057

	
214,910

	
202,553

	
203,566




	
August

	
228,148

	
229,616

	
197,938

	
198,928




	
September

	
359,288

	
365,498

	
226,323

	
227,454




	
Autumn

	
October

	
416,121

	
416,561

	
232,113

	
233,273




	
November

	
403,030

	
374,330

	
242,225

	
243,436




	
December

	
410,897

	
388470

	
240,316

	
241,517




	

	
     y   20     

	
4,132,256

	
4,056,648

	
2,654,341

	
2654161











 





Table 8. Italian CNR catalogue’s climatic conditions.
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Season

	
Seasonal Average Air Temperature (T)

	
Seasonal Average Air Temperature Variation (TV)

	
Seasonal Average Solar Irradiance (SI)

	
Annual Average Wind Speed (w)




	
[°C]

	
[°C]

	
[kcal/m2]

	
[km/h]






	
Winter

	
4.5

	
6.0

	
2718

	
13.00




	
Spring

	
11.5

	
7.5

	
5785




	
Summer

	
22.0

	
10.6

	
6507




	
Autumn

	
14.0

	
9.3

	
3547











 





Table 9. A and VTS coefficients for aged asphalt.
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	Coefficient
	AC-20

(Wearing Course)
	AC-10

(Binder Course)
	AC-2.5

(Base Course)





	A
	10.9168
	11.0770
	11.8408



	VTS
	−3.6469
	−3.7097
	−3.9974










 





Table 10. Moduli of materials in the wintertime.
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Layer

	
Winter Moduli (MPa)




	
6:00 a.m.–8:59 a.m.

	
9:00 a.m.–11:59 a.m.

	
12:00 p.m.–2:59 p.m.

	
3:00 p.m.–5:59 p.m.

	
6:00 p.m.–8:59 p.m.

	
9:00 p.m.–5:59 a.m.






	
Wearing

	
13,373

	
11,125

	
10,351

	
11,370

	
13,750

	
16,368




	
Binder

	
16,419

	
14,149

	
12,781

	
12,974

	
14,642

	
17,894




	
Base

	
16,733

	
15,696

	
14,512

	
13,864

	
14,093

	
16,108











 





Table 11. Moduli of materials in the springtime.
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Layer

	
Spring Moduli (MPa)




	
6:00 a.m.–8:59 a.m.

	
9:00 a.m.–11:59 a.m.

	
12:00 p.m.–2:59 p.m.

	
3:00 p.m.–5:59 p.m.

	
6:00 p.m.–8:59 p.m.

	
9:00 p.m.–5:59 a.m.






	
Wearing

	
7081

	
4466

	
3741

	
4714

	
7594

	
11722




	
Binder

	
9125

	
6316

	
4926

	
5108

	
6873

	
11279




	
Base

	
9323

	
7955

	
6552

	
5854

	
6095

	
8483











 





Table 12. Moduli of materials in the summertime.
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Layer

	
Summer Moduli (MPa)




	
6:00 a.m.–8:59 a.m.

	
9:00 a.m.–11:59 a.m.

	
12:00 p.m.–2:59 p.m.

	
3:00 p.m.–5:59 p.m.

	
6:00 p.m.–8:59 p.m.

	
9:00 p.m.–5:59 a.m.






	
Wearing

	
4909

	
3005

	
2500

	
3180

	
5299

	
8623




	
Binder

	
6249

	
4205

	
3240

	
3365

	
4601

	
7903




	
Base

	
6288

	
5290

	
4296

	
3815

	
3980

	
5671











 





Table 13. Moduli of materials in the autumntime.
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Layer

	
Autumn Moduli (MPa)




	
6:00 a.m.–8:59 a.m.

	
9:00 a.m.–11:59 a.m.

	
12:00 p.m.–2:59 p.m.

	
3:00 p.m.–5:59 p.m.

	
6:00 p.m.–8:59 p.m.

	
9:00 p.m.–5:59 a.m.






	
Wearing

	
11,344

	
9515

	
8891

	
9713

	
11,654

	
13,843




	
Binder

	
13,675

	
11,850

	
10,761

	
10,914

	
12,244

	
14,878




	
Base

	
13,789

	
12,955

	
12,012

	
11,498

	
11,679

	
13,285











 





Table 14. Horizontal stress-strain conditions 1.
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Season

	
Hour

	
Axle A (Single)

	
Axle B (Dual Wheel)

	
Axle C (Dual Wheel)




	
c (kPa)

	
εh (-)

	
σh (kPa)

	
εh (-)

	
σh (kPa)

	
εh (-)






	
Winter

	
6:00 a.m.–8:59 a.m.

	
−632.56

	
−2.96 × 10−5

	
−845.59

	
−4.20 × 10−5

	
−703.71

	
−3.51 × 10−5




	
9:00 a.m.–11:59 a.m.

	
−550.47

	
−2.75 × 10−5

	
−710.83

	
−3.78 × 10−5

	
−579.47

	
−3.09 × 10−5




	
12:00 a.m.–2:59 p.m.

	
−543.80

	
−2.94 × 10−5

	
−700.10

	
−4.03 × 10−5

	
−700.10

	
−4.03 × 10−5




	
3:00 p.m.–5:59 p.m.

	
−525.38

	
−2.97 × 10−5

	
−677.28

	
−4.08 × 10−5

	
−552.17

	
−3.34 × 10−5




	
6:00 p.m.–8:59 p.m.

	
−593.08

	
−3.30 × 10−5

	
−791.29

	
−4.68 × 10−5

	
−658.60

	
−3.90 × 10−5




	
9:00 p.m.–5:59 a.m.

	
−432.43

	
−2.10 × 10−5

	
−545.77

	
−2.83 × 10−5

	
−545.77

	
−2.83 × 10−5




	
Spring

	
6:00 a.m.–8:59 a.m.

	
−576.25

	
−4.86 × 10−5

	
−754.45

	
−6.79 × 10−5

	
−628.31

	
−5.67 × 10−5




	
9:00 a.m.–11:59 a.m.

	
−510.63

	
−5.05 × 10−5

	
−638.96

	
−6.80 × 10−5

	
−521.34

	
−5.56 × 10−5




	
12:00 a.m.–2:59 p.m.

	
−492.11

	
−5.92 × 10−5

	
−609.74

	
−7.91 × 10−5

	
−609.74

	
−7.91 × 10−5




	
3:00 p.m.–5:59 p.m.

	
−451.36

	
−6.08 × 10−5

	
−561.14

	
−8.15 × 10−5

	
−457.96

	
−6.66 × 10−5




	
6:00 p.m.–8:59 p.m.

	
−486.26

	
−6.29 × 10−5

	
−632.75

	
−8.76 × 10−5

	
−527.13

	
−7.31 × 10−5




	
9:00 p.m.–5:59 a.m.

	
−364.24

	
−3.38 × 10−5

	
−453.83

	
−4.50 × 10−5

	
−453.83

	
−4.50 × 10−5




	
Summer

	
6:00 a.m.–8:59 a.m.

	
−530.57

	
−6.65 × 10−5

	
−664.72

	
−8.78 × 10−5

	
−557.63

	
−7.36 × 10−5




	
9:00 a.m.–11:59 a.m.

	
−468.50

	
−6.99 × 10−5

	
−563.85

	
−8.89 × 10−5

	
−463.72

	
−7.31 × 10−5




	
12:00 a.m.–2:59 p.m.

	
−447.20

	
−8.24 × 10−5

	
−532.34

	
−1.04 × 10−4

	
−532.34

	
−1.04 × 10−4




	
3:00 p.m.–5:59 p.m.

	
−407.75

	
−8.47 × 10−5

	
−486.40

	
−1.07 × 10−4

	
−400.13

	
−8.79 × 10−5




	
6:00 p.m.–8:59 p.m.

	
−437.84

	
−8.71 × 10−5

	
−543.01

	
−1.14 × 10−4

	
−455.63

	
−9.57 × 10−5




	
9:00 p.m.–5:59 a.m.

	
−330.79

	
−4.60 × 10−5

	
−399.05

	
−5.84 × 10−5

	
−399.05

	
−5.84 × 10−5




	
Autumn

	
6:00 a.m.–8:59 a.m.

	
−609.31

	
−3.47 × 10−5

	
−788.78

	
−4.70 × 10−5

	
−660.68

	
−3.94 × 10−5




	
9:00 a.m.–11:59 a.m.

	
−529.55

	
−3.21 × 10−5

	
−666.34

	
−4.23 × 10−5

	
−546.82

	
−3.47 × 10−5




	
12:00 a.m.–2:59 p.m.

	
−522.88

	
−3.42 × 10−5

	
−655.83

	
−4.49 × 10−5

	
−655.83

	
−4.49 × 10−5




	
3:00 p.m.–5:59 p.m.

	
−505.98

	
−3.45 × 10−5

	
−635.13

	
−4.55 × 10−5

	
−521.25

	
−3.73 × 10−5




	
6:00 p.m.–8:59 p.m.

	
−571.98

	
−3.84 × 10−5

	
−738.17

	
−5.20 × 10−5

	
−618.34

	
−4.35 × 10−5




	
9:00 p.m.–5:59 a.m.

	
−417.30

	
−2.46 × 10−5

	
−515.59

	
−3.19 × 10−5

	
−515.59

	
−3.19 × 10−5








1 negative values are traction stresses and extension strains.













 





Table 15. Fatigue damage calculation according to Equation (11).






Table 15. Fatigue damage calculation according to Equation (11).





	
Season

	
Hour

	
Axle A (Single)

	
Axle B (Dual Wheel)

	
Axle C (Dual Wheel)




	
Marchionna Law

	
Asphalt Institute

	
Marchionna Law

	
Asphalt Institute

	
Marchionna Law

	
Asphalt Institute






	
Winter

	
6:00 a.m.–8:59 a.m.

	
5.94 × 10−4

	
5.00 × 10−4

	
1.49 × 10−4

	
1.25 × 10−4

	
2.78 × 10−4

	
2.18 × 10−4




	
9:00 a.m.–11:59 a.m.

	
4.17 × 10−4

	
3.37 × 10−4

	
4.96 × 10−5

	
4.79 × 10−5

	
1.60 × 10−4

	
1.24 × 10−4




	
12:00 a.m.–2:59 p.m.

	
5.47 × 10−4

	
3.89 × 10−4

	
1.37 × 10−4

	
9.72 × 10−5

	
4.60 × 10−4

	
2.76 × 10−4




	
3:00 p.m.–5:59 p.m.

	
5.52 × 10−4

	
4.01 × 10−4

	
6.70 × 10−5

	
5.71 × 10−5

	
2.06 × 10−4

	
1.47 × 10−4




	
6:00 p.m.–8:59 p.m.

	
7.20 × 10−4

	
5.39 × 10−4

	
1.80 × 10−4

	
1.35 × 10−4

	
3.18 × 10−4

	
2.34 × 10−4




	
9:00 p.m.–5:59 a.m.

	
7.53 × 10−5

	
9.73 × 10−5

	
1.88 × 10−5

	
2.43 × 10−5

	
6.20 × 10−5

	
6.42 × 10−5




	
Spring

	
6:00 a.m.–8:59 a.m.

	
2.84 × 10−3

	
1.19 × 10−3

	
7.11 × 10−4

	
2.97 × 10−4

	
1.00 × 10−4

	
4.94 × 10−4




	
9:00 a.m.–11:59 a.m.

	
3.35 × 10−3

	
1.01 × 10−3

	
4.43 × 10−4

	
1.45 × 10−4

	
1.03 × 10−3

	
3.47 × 10−4




	
12:00 a.m.–2:59 p.m.

	
5.55 × 10−3

	
1.42 × 10−3

	
1.39 × 10−3

	
3.56 × 10−4

	
3.14 × 10−3

	
9.23 × 10−4




	
3:00 p.m.–5:59 p.m.

	
4.94 × 10−3

	
1.53 × 10−3

	
6.87 × 10−4

	
2.19 × 10−4

	
1.40 × 10−3

	
5.16 × 10−4




	
6:00 p.m.–8:59 p.m.

	
3.75 × 10−3

	
1.82 × 10−3

	
9.37 × 10−4

	
4.55 × 10−4

	
1.28 × 10−3

	
7.47 × 10−4




	
9:00 p.m.–5:59 a.m.

	
3.10 × 10−4

	
2.31 × 10−4

	
7.74 × 10−5

	
5.77 × 10−5

	
1.89 × 10−4

	
1.48 × 10−4




	
Summer

	
6:00 a.m.–8:59 a.m.

	
6.22 × 10−3

	
2.11 × 10−3

	
1.56 × 10−3

	
5.28 × 10−4

	
1.92 × 10−3

	
7.37 × 10−4




	
9:00 a.m.–11:59 a.m.

	
7.73 × 10−3

	
1.83 × 10−3

	
1.09 × 10−3

	
2.63 × 10−4

	
1.97 × 10−3

	
5.30 × 10−4




	
12:00 a.m.–2:59 p.m.

	
1.20 × 10−2

	
2.59 × 10−3

	
3.00 × 10−3

	
6.48 × 10−4

	
5.40 × 10−3

	
1.39 × 10−3




	
3:00 p.m.–5:59 p.m.

	
9.97 × 10−3

	
2.80 × 10−3

	
1.46 × 10−3

	
4.02 × 10−4

	
2.41 × 10−3

	
7.90 × 10−4




	
6:00 p.m.–8:59 p.m.

	
6.86 × 10−3

	
3.32 × 10−3

	
1.72 × 10−3

	
8.31 × 10−4

	
1.97 × 10−3

	
1.13 × 10−3




	
9:00 p.m.–5:59 a.m.

	
6.37 × 10−4

	
4.13 × 10−4

	
1.59 × 10−4

	
1.03 × 10−4

	
3.07 × 10−4

	
2.26 × 10−4




	
Autumn

	
6:00 a.m.–8:59 a.m.

	
1.15 × 10−3

	
7.54 × 10−4

	
2.70 × 10−4

	
1.77 × 10−4

	
4.19 × 10−4

	
2.69 × 10−4




	
9:00 a.m.–11:59 a.m.

	
8.09 × 10−4

	
5.04 × 10−4

	
9.30 × 10−5

	
6.74 × 10−5

	
2.48 × 10−4

	
1.54 × 10−4




	
12:00 a.m.–2:59 p.m.

	
1.03 × 10−3

	
5.78 × 10−4

	
2.43 × 10−4

	
1.36 × 10−4

	
6.62 × 10−4

	
3.34 × 10−4




	
3:00 p.m.–5:59 p.m.

	
1.03 × 10−3

	
5.96 × 10−4

	
1.21 × 10−4

	
7.97 × 10−5

	
3.07 × 10−4

	
1.80 × 10−4




	
6:00 p.m.–8:59 p.m.

	
1.31 × 10−3

	
8.05 × 10−4

	
3.08 × 10−4

	
1.89 × 10−4

	
4.57 × 10−4

	
2.85 × 10−4




	
9:00 p.m.–5:59 a.m.

	
1.52 × 10−4

	
1.47 × 10−4

	
3.56 × 10−5

	
3.46 × 10−5

	
9.67 × 10−5

	
8.06 × 10−5











 





Table 16. Fatigue verification results.
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	Fatigue Law
	Winter
	Spring
	Summer
	Autumn
	D





	Marchionna Equation (12)
	0.02
	0.09
	0.17
	0.03
	0.31



	Asphalt Institute Equation (13)
	0.01
	0.04
	0.06
	0.02
	0.12










 





Table 17. Vertical stress-strain conditions 1.
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Season

	
Hour

	
Axle A (Single)

	
Axle B (Dual Wheel)

	
Axle C (Dual Wheel)




	
σv (kPa)

	
εv (-)

	
σv (kPa)

	
εv (-)

	
σv (kPa)

	
εv (-)






	
Winter

	
6:00 a.m.–8:59 a.m.

	
736.753

	
3.53 × 10−5

	
735.130

	
3.22× 10−5

	
732.638

	
3.48 × 10−5




	
9:00 a.m.–11:59 a.m.

	
737.014

	
4.56 × 10−5

	
734.423

	
4.30× 10−5

	
731.064

	
4.58 × 10−5




	
12:00 a.m.–2:59 p.m.

	
736.746

	
4.91 × 10−5

	
733.986

	
4.64× 10−5

	
733.986

	
4.64 × 10−5




	
3:00 p.m.–5:59 p.m.

	
734.498

	
4.38 × 10−5

	
731.382

	
4.12× 10−5

	
727.459

	
4.40 × 10−5




	
6:00 p.m.–8:59 p.m.

	
733.733

	
3.33 × 10−5

	
731.527

	
3.02× 10−5

	
728.342

	
3.28 × 10−5




	
9:00 p.m.–5:59 a.m.

	
728.347

	
3.08 × 10−5

	
724.213

	
2.93× 10−5

	
724.212

	
2.93 × 10−5




	
Spring

	
6:00 a.m.–8:59 a.m.

	
737.686

	
6.96 × 10−5

	
736.305

	
6.53 × 10−5

	
734.001

	
6.95 × 10−5




	
9:00 a.m.–11:59 a.m.

	
740.455

	
1.21× 10−4

	
738.317

	
1.17 × 10−4

	
735.765

	
1.22 × 10−4




	
12:00 a.m.–2:59 p.m.

	
739.865

	
1.45 × 10−4

	
737.348

	
1.40 × 10−4

	
737.348

	
1.40 × 10−4




	
3:00 p.m.–5:59 p.m.

	
734.567

	
1.10 × 10−4

	
731.160

	
1.06 × 10−4

	
726.817

	
1.12 × 10−4




	
6:00 p.m.–8:59 p.m.

	
729.902

	
6.09 × 10−5

	
727.035

	
5.65 × 10−5

	
722.969

	
6.08 × 10−5




	
9:00 p.m.–5:59 a.m.

	
722.495

	
4.23 × 10−5

	
717.893

	
4.05 × 10−5

	
717.893

	
4.05 × 10−5




	
Summer

	
6:00 a.m.–8:59 a.m.

	
737.585

	
1.19 × 10−4

	
736.116

	
1.15 × 10−4

	
733.65

	
1.19 × 10−4




	
9:00 a.m.–11:59 a.m.

	
740.401

	
2.04 × 10−4

	
738.110

	
2.01 × 10−4

	
735.335

	
2.06 × 10−4




	
12:00 a.m.–2:59 p.m.

	
739.644

	
2.46 × 10−4

	
736.976

	
2.42 × 10−4

	
736.976

	
2.42 × 10−4




	
3:00 p.m.–5:59 p.m.

	
734.068

	
1.88 × 10−4

	
730.546

	
1.84 × 10−4

	
726.017

	
1.89 × 10−4




	
6:00 p.m.–8:59 p.m.

	
729.032

	
1.05 × 10−4

	
726.054

	
1.01 × 10−4

	
721.780

	
1.05 × 10−4




	
9:00 p.m.–5:59 a.m.

	
720.766

	
6.65 × 10−5

	
715.980

	
6.50 × 10−5

	
715.980

	
6.50 × 10−5




	
Autumn

	
6:00 a.m.–8:59 a.m.

	
736.379

	
4.19 × 10−5

	
734.698

	
3.84 × 10−5

	
732.105

	
4.14 × 10−5




	
9:00 a.m.–11:59 a.m.

	
736.489

	
5.35 × 10−5

	
733.816

	
5.07 × 10−5

	
730.343

	
5.39 × 10−5




	
12:00 a.m.–2:59 p.m.

	
736.204

	
5.73 × 10−5

	
733.372

	
5.44 × 10−5

	
733.372

	
5.44 × 10−5




	
3:00 p.m.–5:59 p.m.

	
734.046

	
5.15 × 10−5

	
730.878

	
4.86 × 10−5

	
726.871

	
5.18 × 10−5




	
6:00 p.m.–8:59 p.m.

	
733.429

	
3.97 × 10−5

	
731.177

	
3.62 × 10−5

	
727.916

	
3.92× 10−5




	
9:00 p.m.–5:59 a.m.

	
727.815

	
3.66 × 10−5

	
723.605

	
3.49 × 10−5

	
723.605

	
3.49 × 10−5








1 negative values are trac