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Abstract. 
Transport forms one of the primary needs in all categories of the population in modern society; it is of paramount concern for traffic engineers, transport planners, and policy makers to understand and evaluate the quality of service being provided by the transport facilities designed by them. This paper presents an investigation in profile geometric design and traffic flow operation on two-lane two-way highways and provides analyses that will help in a better understanding of traffic operation on these facilities to select the optimum profile configuration. The effects of influencing parameters consisting of grade, length of grade, traffic composition, and traffic volume are evaluated and finally a systematic procedure to evaluate flow rate under the base condition is presented. Finally, based on these achievements an algorithm is introduced to select optimum Finished Ground of profile view.  Results show that the percentage of heavy vehicles has a contributing effect on traffic operation so that the optimum profile configuration is incredibly affected by this factor. Source data have been obtained from Highway Capacity Manual (HCM) as a pioneer document in respect of quantifying the concept of capacity for a transport facility.



1. Introduction
Two-way two-lane highways (TWTLHs) are a key element in the highway systems of most states and counties [1–3]. They are located in many different geographical areas and serve a wide variety of traffic functions [3]. The most widely accepted two-lane highway capacity and quality-of-service analysis procedures are those presented in the HCM published by the Transportation Research Board [1]. This manual defines TWTLHs as undivided roadways with two lanes, one for use by traffic in each direction [3–6], where the opposite lane can be used for passing other vehicles going in the same direction [5, 6].
The analysis of traffic performance for TWTLHs is one of the most important aspects to consider while undertaking the planning, design, and operation of these facilities [4, 5, 7, 8]. It is a major input to important decisions on public fund investments that are made at different stages of the highway life [4, 7, 8].
The capacity conditions of this special infrastructure of transportation are difficult to be observed in the field, since very few two-lane roads operate at or near capacity and most of the times road improvement or upgrading is done prior to operations at capacity conditions [1, 5]. The latest version of HCM underlines that the capacity can only be determined separately for each direction and that total roadway capacity is to be determined by weighted average of the one-direction results [3]. Therefore, in this manual, the capacity under ideal condition is given as 1700 veh/h per one direction and a limit of 3200 veh/h for the total of two directions as previously mentioned in the 2000 HCM version [3, 5]. Previous studies result in a variety of findings concerning the effect of different parameters on TWTLH capacity. In this regard, [9] investigated the capacity of TWTLHs using simulation method and found that the capacity under ideal conditions as defined previously varies with the average free-flow speed [5]. Further discussion on this topic is available in [5, 10, 11].
Traffic operation on TWTLHs differs from other facilities due to the unique relationship between traffic conditions in the two directions of travel [3, 4]. For example, the capacity of two-lane roads is far less than the multilane facilities. The passenger car equivalent of trucks and buses is much greater for those facilities than the multilane facilities because of reduced opportunity for other automobiles to pass slower vehicles [12]. Also because passing capacity decreases as passing demand increases, two-lane highways exhibit a unique characteristic: operating quality often decreases precipitously as demand flow increases, and operation can become “unacceptable” at relatively low volume-to-capacity ratios (). For this reason, few two-lane highways ever operate at flow rates approaching capacity; in most cases, poor operating quality has led to improvements or reconstruction long before capacity demand is reached [3]. In simpler term, TWTLHs are known for their higher level of interaction between vehicles in the opposing directions of travel and therefore provide unique challenges to traffic analysts [2, 4]. As traffic level increases, passing opportunities become more restricted and this interaction deteriorates.
From a traffic operations perspective, limited passing opportunities would result in higher impact of slow-moving vehicles on mobility and performance [2]. This impact generally intensifies with the increase in traffic level in the two directions of travel, the proportion of slower vehicles in the traffic stream, and the average speed differential between slower vehicles and the rest of the driver population [4, 13]. Kim and Elefteriadou [9] showed that traffic composition strongly influences the capacity of two-lane road highways, since the increase in percentage of trucks particularly in the presence of horizontal curve, driveway, and upgrade results in significant capacity reduction. The study using the simulation software “TWOSIM” also shows that some geometric factors, namely, the grade of the upgrade segment, exhibit a considerable negative impact on the highway capacity [5, 9]. The vehicles in the mix produce different impedance due to their varied static and dynamic characteristics [14, 15]. Reference [12] considers the design characteristics of a facility as a main contributor to determine the performance of that facility in accommodating the vehicle traffic load placed upon it. Reference [16] studies the effect of variation of traffic volume, road width, magnitude of upgrade, and its length on PCU values for various vehicle categories using simulation. Reference [17] observed that knowledge of traffic composition plays an important role in determining capacity.
The effect of geometric properties on the operating characteristics of TWTLHs has been the subject of a number of studies. Much of the earlier work in this area is reviewed by [18] and has been incorporated into the first two editions of the US HCM (1950, 1965) [19]. Using 1963 data, [20] found that grade, for all vehicle types, is the most significant factor for predicting free speeds and [19, 21], using similar data, found that, in general, an increase in grade, either upgrade or downgrade, decreases speeds. Geometric characteristics such as grades greater than 4 percent were also found to have relationships with the crash rate [15].
In general, there seems to be a lack of guidance, in any, in answering the following question about TWTLHs: If designer has the ability to choose different vertical alignment designs, which one would perform better from the standpoint of traffic operation? The answer to this question could be of a real concern in design of profile views on two-lane highways.
2. Problem Statement
Alignment design of a highway is usually considered from two different aspects which are strictly connected to each other: horizontal and vertical alignments. The horizontal alignment design generates the “plan view” while vertical alignment design generates the “profile view” of a particular highway. In general, geometric design of highways is a complex and exhausting process, while the designer deals with an extent of problems which are not solely related to geometric design, such as traffic operation. A common aim of transportation management and control projects on freeways is to increase productivity by reducing congestion [22]. Knowing the traffic operation benefits of a particular design would allow the selection of the most appropriate profile view. So the focus of this research is to demonstrate a methodology to find the effects of profile view variation on the expected traffic operation on TWTLHs and introduce a method to choose the optimum Finished Ground (FG) profile view from the standpoint of traffic operation.
Figure 1 illustrates a general depiction of the problem. As shown in this figure, in order to connect two points in profile view, named A and B, there are several options and each one has its pros and cons. This study assumes that at least a couple of feasible variations on profile design exist in which the designer intends to select the best one from traffic view. This study approaches the problem from a different view which will be discussed later. It is noteworthy that the final decision must consider economic, geometric, and all other determinant aspects.




	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
			
				
					
				
					
				
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
				
					
				
			
		
	


Figure 1: Different available options on selecting FG lines.


2.1. Assumptions
As how it is described in detail later, this study only considers TWTLHs segments in specific upgrades, on Class I and Class II (based on HCM 2010 classification). This study also assumes no recreational vehicles in traffic combination. It is definitely worth mentioning that, just as [3], heavy vehicles in this study are vehicles other than passenger cars (a category that includes small trucks and vans) that have more than four tires touching the pavement. Trucks and buses are the two groups of heavy vehicles addressed by the method in this research.
2.2. Objectives
The objectives of this study are as follows:(i)to understand two-lane highways phenomenon, in order to enhance the quality of service provided by this kind of highways in rural environment especially for specific grades,(ii)to identify the effect of flow, profile geometric characteristics (grade and length of grade), and percent of heavy vehicle that significantly influence flow rate in mountainous areas on TWTLHs,(iii)to establish a methodology that can be used in conjunction with HCM to determine optimum profile view in TWTLH facilities.
3. Data Analysis
3.1. Definitions
Because of the wide range of functions served by two-lane highways, HCM 2010 establishes three classes of two-lane highways of which Class I and Class II are evaluated in this study, as mentioned before. The main difference between these two classes is the motorist expectation of travel speed.
Performance analysis is typically done within the capacity analysis for various highway facilities. Performance is typically described using level of service (LOS), which is a letter scheme intended to describe traffic conditions for an existing or proposed facility operating under current or projected traffic demand [4]. The concept of LOS was formally introduced in the 1965 HCM and was defined as follows: LOS is a qualitative measure of the effect of a number of factors, which include speed and travel time, traffic interruptions, freedom to maneuver, safety, driving comfort and convenience, and operating cost [3, 4, 23]. Based on [3], three measures of effectiveness are incorporated to determine automobile LOS: average travel speed (ATS), percent time spent following (PTSF), and percent of free-flow speed (PFFS). On Class I two-lane highways, speed and delay due to passing restrictions are both important to motorists. Therefore, on these highways, LOS is defined in terms of both ATS and PTSF. On Class II highways, travel speed is not a significant issue to drivers. Therefore, on these highways, LOS is defined in terms of PTSF only.
HCM 2010 [3] investigates the relationships among flow rate, ATS, and PTSF for an extended directional segment of two-lane highway under base conditions using two graphs (HCM 2010 ([3], Exhibit 15-2 a and b)). These graphs show that, on two-lane highways, service quality measures deteriorate with increasing flow rate, especially PTSF that begins to reduce at relatively low demand flows [3]. This represents the importance of reducing flow rate amount under HCM base conditions for TWTLs which are as follows: lane width greater than or equal to 3.6 m, clear shoulders with width equal to or greater than 1.8 m, absence of no-passing zones, traffic stream composed of only passenger cars, level terrain, and absence of obstruction through traffic [3]. Therefore, ignoring these relationships may lead to unjustified decisions regarding road construction, improvement, and evaluation of effectiveness of implemented traffic engineering measures, hence causing serious problems for transportation policy and economic considerations [5].
As shown in Table 1, [3] classifies grades, length of grades, and traffic flows for ATS estimation in 5, 8, and 9 groups, respectively. The same classification is used for PTSF estimation. These values are used as decision points in this study to evaluate the performance of specific upgrades.
Table 1: Applied classifications of grade, length of grade, and traffic flow rate [3].
	

	Grade (%)	3–3.5        3.5–4.5        4.5–5.5        5.5–6.5        >6.5
	Length of grade (miles)	0.25    0.50    0.75    1.00    1.50    2.00    3.00    4.00
	Traffic flow rate (vehicle/hour)	<100 200 300 400 500 600 700 800 >900
	




Maximum grade in itself is not a complete design control. It is also appropriate to consider the length of particular grade in relation to desirable vehicle operation. The term “critical length of grade” is used by the American Association of State Highway and Transportation Officials (AASHTO) [24] to indicate the maximum length of designated upgrade on which a loaded truck can operate without an unreasonable reduction in speed. If desired freedom of operation is to be maintained on grades longer than critical length, design adjustments such as change in location to reduce grades or addition of extra lane should be considered [24].
The effect of trucks on capacity is primarily a function of the difference between the average speed of the trucks and the average running speed of the passenger cars on the highway. On individual grades, the effect of truck is more severe than their average effect over a longer section of highway. Thus, for a given volume of mixed traffic and a fixed roadway cross section, a higher degree of congestion is experienced on individual grades than for the average operation over longer sections that include downgrades as well as upgrades [24].
Heavy vehicles adversely affect traffic in two ways:(i)they are larger than passenger cars and occupy more roadway space;(ii)they have poorer operating capabilities than passenger cars, particularly with respect to acceleration, deceleration, and the ability to maintain speed on upgrades.
The second impact is more critical [3].
Reference [24] indicates that climbing lanes on two-lane highways are warranted when(i)the directional flow rate on the upgrade exceeds 200 veh/h,(ii)the directional flow rate for trucks on the upgrade exceeds 20 veh/h,(iii)any of the following conditions apply:(a)a speed reduction of 10 mi/h or more exists for a typical truck,(b)LOS E or F exists on the upgrade without a climbing lane, or(c)without a climbing lane, the LOS is two or more levels lower on the upgrade than on the approach segment to the grade.
In the latter case, decision is based on the LOS of the highway which is in direct relation with its flow rate. Thus, the flow rate of a highway in different situations is analyzed in this study to establish a comparison process between different vertical alignment designs.
3.2. Development
The understanding of flow of many vehicles on a path is essential to the rational design of new facilities and to the modification of existing facilities to meet different traffic conditions [12].
It is believed that the increased number of vehicles does not give the authentic view of traffic operation. For this reason, traditionally, owing to the mixed traffic conditions, passenger cars have been taken as the basis of traffic flow measurement and hence the passenger car units (PCU) have been the widely adopted metric for assessing flow rate [14, 25]. Many researchers have developed methods to estimate PCU for a vehicle type. The interesting point to note is that each of these studies has resulted in different PCU values for the same type of vehicle. There exists large variation in PCU values being adopted in different parts of the world. In this study, the heterogeneous demand volumes are converted to homogeneous equivalent flow rates under equivalent base conditions presented in [3] with
								
							in which  is demand flow rate  for ATS estimation (pcu/h);  is “” (analysis direction) or “” (opposing direction);  is demand volume for direction  (veh/h);  is grade adjustment factor;  is heavy vehicle adjustment factor;  is peak hour factor.
Note that, in (1), combination of factors , and  is used to convert the “demand volume” in terms of vehicle per hour to “demand flow rate” in terms of passenger cars per hour.
Considering that in the right side of (2)   and  are constant for a given segment of highway (entitled “” here), the only varying terms would remain  and  which strictly depend on profile view configuration. A new parameter based on these varying terms, “Volume Conversion Coefficient, VCC,” is introduced and defined as follows: 
								
							And so
								
 depends on the terrain through which the highway is passing and for specific upgrades is derived from a combination of grades, length of grade, and traffic volume.  also is calculated based on the following equation [3]:
								
							where  is proportion of trucks in the traffic stream (decimal),  is proportion of RVs in the traffic stream (decimal),  is passenger car equivalent for trucks, and  is passenger car equivalent for RVs.
Having no recreational vehicles, (4) becomes
								
Similar to ,  is also a function of grade, length of grade, and traffic volume composition [3].
It is noteworthy that varying percentages of trucks from zero to one hundred would result in a significant change of VCC and thus in final flow rate. Thus the percentage of heavy vehicles seems to be of interest in analyzing the performance of upgrades in addition to grade, length of grade, and traffic volume. It is also obvious that the point of interest is generally at the end of the grade, where heavy vehicles would have the maximum effect on operations [3].
It is interesting to note that a simple investigation reveals the linear relationship between VCC and the variation of heavy vehicles percent while grade (), length of grade (), and volume () remain unchanged. The following equation shows this relationship:
								
Constants “” and “” depend on the , , and  variation which will be discussed later. The combination of these three effective variables forms numerous data of which a few examples are shown in Figures 2 to 4. For comparative purposes, each figure shows the linear relationship for the abovementioned parameters while only one of them changes in the predefined range determined in Table 1 while the others remain unchanged.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
				
				
					
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
				
					
			
		
		
			
				
				
				
				
				
			
		
		
			
				
				
					
				
					
				
					
				
					
			
		
		
			
				
				
				
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
				
					
			
		
		
			
				
				
				
				
					
				
					
			
		
		
			
				
				
				
				
				
			
		
		
			
				
				
					
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
				
					
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
					
				
					
				
			
		
		
			
				
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
			
		
		
			
				
				
				
					
				
					
			
		
		
			
				
				
					
				
					
				
			
		
		
			
				
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
			
		
		
			
				
				
					
				
				
					
			
		
		
			
				
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
			
		
		
			
				
				
				
					
				
			
		
		
			
				
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
			
		
		
			
				
				
					
				
					
				
					
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
				
				
			
		
		
			
				
				
				
					
				
					
			
		
		
			
				
				
				
					
				
					
			
		
		
			
				
				
				
					
				
					
			
		
		
			
				
				
				
					
				
					
			
		
		
			
				
				
				
					
				
					
			
		
		
			
				
				
				
					
				
					
			
		
		
			
				
				
				
					
				
					
			
		
		
			
				
				
				
					
				
					
			
		
		
			
			
				
			
				
			
				
			
				
		
		
			
			
		
		
			
			
				
			
				
			
				
		
		
			
			
		
		
			
			
			
				
			
				
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
				
					
				
					
			
		
		
			
				
				
				
					
				
					
			
		
		
			
				
				
				
					
				
					
			
		
		
			
				
				
				
					
				
					
			
		
		
			
				
				
				
					
				
					
			
		
		
			
				
				
				
					
				
					
			
		
		
			
				
				
				
					
				
					
			
		
		
			
				
				
				
					
				
					
			
		
		
			
				
				
				
					
				
					
			
		
		
			
				
				
				
					
				
					
			
		
		
			
				
				
				
					
				
					
			
		
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 2: VCCATS versus  at ,  mi, and various .


Figure 2 indicates the effect of  changes on VCC. The magnitude of “” and “” (constants in (6)) increases with  increment but changing rate of “” diminishes while “” changes in almost a constant rate. This indicates that reduction of  has a significant effect on decreasing VCC and similarly on flow rate.
Comparable data for various  are shown in Figure 3. As it is illustrated, the magnitude of “” and “” (constants in (6)) increases in an approximately decreasing rate with increasing the magnitude of . Based on this analysis, a closer look at Figure 3 shows that reduction of  has a significant effect on decreasing VCC and similarly on flow rate.




	
	
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
		
			
		
			
		
		
		
			
		
			
		
		
		
			
		
			
		
		
		
			
		
			
		
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
			
		
		
			
		
		
		
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
		
			
		
		
		
		
		
			
		
		
		
			
		
			
		
		
		
			
		
			
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
		
		
		
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
	


Figure 3: VCCATS versus  at , various .






	
	
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
		
			
		
			
		
		
		
			
		
			
		
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
		
		
		
			
		
		
			
		
		
		
		
			
		
			
		
			
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
		
			
		
			
		
		
		
			
		
			
		
		
		
		
		
		
		
			
		
			
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
		
		
			
			
				
		
		
			
			
		
		
			
			
			
				
			
				
		
		
			
			
			
			
				
			
				
			
				
		
		
			
			
		
		
			
			
			
				
			
				
		
		
			
			
				
		
		
			
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
	


Figure 4: VCCATS versus  at various ,  mi, and grade > 6.5%.


Figure 4 explores the effect of  changes on VCC. The magnitude of “” and “” (constants in (6)) increases as  decreases. This indicates that increasing of  has a significant effect on decreasing VCC, but the impact on the flow rate cannot be judge using this figure. Generally, it seems that, based on (3) and Figure 4, decreasing of  will decrease flow rate. This seems to be justified by the fact that lower flows are related to higher speeds, which render the existence of heavy vehicle a critical parameter. However, when flows are high, the traffic operates in lower speed and existence of heavy vehicle has lower effect on the traffic operation.
Above all, it is worth mentioning that the negative impact of upgrades on VCC adjustment factor increases as both the severity of the upgrade and its length increase. The impact, however, declines as demand flow rate increases. At higher demand flow rates, lower VCC would already result, and the additional impact of the upgrades is less severe. It is also apparent that charts with greater “” constant are more sensitive to the change of heavy vehicle volume and, as a result, it could be concluded that when a designer encounters steep and long grades or low traffic volumes, more rigorous attempt is needed to determine and predict heavy vehicles percentage. This fact renders the interaction importance of geometric features in the profile view and traffic operation condition. It is worth mentioning that the importance of this interaction seems to be justified mainly by the increased heavy vehicle percentage.




As discussed earlier, this research is about to determine the best configuration of profile view for specific traffic condition considering traffic operation aspect. A profile view consists of several tangent lines and, considering the main problem presented in Figure 1, there are several alternatives on how these tangents connected for a FG line.
4. Sample Study and Results
In this section, the result of the theory developed here is discussed to present a systematic method for FG optimization considering traffic operation. Figure 5 shows two alternatives to connect two points in profile view:(1)a single tangent (the gradient and length are  and , resp.),(2)two tangents (the gradients and lengths are , , , and , resp.). It is obvious that the composition of (, ; , ) has the same operation characteristics as (, ; , ).




	
	
		
		
		
		
		
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
				
		
			
		
			
		
			
		
			
		
			
	


Figure 5: Sample study configuration.


If alternative  provides better traffic operation than alternative , other parameters such as economic consideration may highlight the selection of efficient profile from these two compositions.
There are a large number of combinations of which only a few examples are evaluated as follows:(i) and  miles: the base condition between A and B,(ii) vehicles/hour for ATS, Table 2,(iii) vehicles/hour for ATS, Table 4,(iv) vehicles/hour for PTSF, Table 3,(v) vehicles/hour for PTSF, Table 5.
Table 2: VCC magnitude for ATS at .
	

	Grade (%)	
                Grade length
(miles)	Percent of heavy vehicle
	0%	10%	20%	30%	40%	50%	60%	70%	80%	90%	100%
	

	 = 4	3	1.64	3.34	5.05	6.75	8.46	10.16	11.87	13.57	15.28	16.98	18.69
	

	1	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	0.25	1.85 	2.61	3.37	4.13	4.89	5.65	6.41	7.17	7.93	8.69	9.44
	     = 3.63	2.75	1.37	2.75	4.14	5.52	6.90	8.29	9.67	11.05	12.44	13.82	15.21
	2	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	0.5	2.33 	3.91 	5.49 	7.07 	8.65 	10.23 	11.81	13.40	14.98	16.56	18.14
	     = 3.2	2.5	1.37	2.32	3.26	4.21	5.15	6.10	7.04	7.99	8.93	9.88	10.82
	3	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	0.75	2.56 	4.82 	7.08 	9.33 	11.59 	13.85 	16.10 	18.36 	20.62 	22.87 	25.13 
	     = 2.67	2.25	1.00	1.09	1.18	1.27	1.36	1.45	1.54	1.63	1.72	1.81	1.90
	4	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1	2.70 	5.24 	7.78 	10.32 	12.86 	15.41 	17.95 	20.49 	23.03 	25.57 	28.11 
	     = 2	2	1.00	1.09	1.18	1.27	1.36	1.45	1.54	1.63	1.72	1.81	1.90
	5	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1.5	2.86 	6.00 	9.14 	12.29 	15.43 	18.57 	21.71 	24.86 	28.00 	31.14 	34.29 
	     = 0	1.5	1.00	1.09	1.18	1.27	1.36	1.45	1.54	1.63	1.72	1.81	1.90
	6	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	2	2.94 	6.44 	9.94 	13.44 	16.94 	20.44 	23.94 	27.44 	30.94 	34.44 	37.94 
	     = −4	1	1.00	1.09	1.18	1.27	1.36	1.45	1.54	1.63	1.72	1.81	1.90
	



Table 3: VCC magnitude for PTSF at .
	

	Grade (%)	
                Grade length
(miles)	Percent of heavy vehicle
	0%	10%	20%	30%	40%	50%	60%	70%	80%	90%	100%
	

	 = 4	3	1.64	3.34	5.05	6.75	8.46	10.16	11.87	13.57	15.28	16.98	18.69
	

	1	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00
	     = 3.63	1.03	1.00	1.08	1.16	1.24	1.32	1.40	1.48	1.56	1.64	1.72	1.80
	2	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00
	     = 3.2	1.01	1.00	1.06	1.12	1.18	1.24	1.30	1.36	1.42	1.48	1.54	1.60
	3	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00
	     = 2.67	1.00	1.00	1.01	1.02	1.03	1.04	1.05	1.06	1.07	1.08	1.09	1.10
	4	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1.00	1.00	1.03	1.06	1.09	1.12	1.15	1.18	1.21	1.24	1.27	1.30
	     = 2	1.00	1.00	1.01	1.02	1.03	1.04	1.05	1.06	1.07	1.08	1.09	1.10
	5	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1.00	1.00	1.11 	1.22 	1.33 	1.44 	1.55 	1.66 	1.77 	1.88 	1.99 	2.10 
	     = 0	1.00	1.00	1.01	1.02	1.03	1.04	1.05	1.06	1.07	1.08	1.09	1.10
	6	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1.01	1.00	1.19 	1.38 	1.57 	1.76 	1.95 	2.14 	2.33 	2.52 	2.71 	2.90 
	     = −4	1.00	1.00	1.01	1.02	1.03	1.04	1.05	1.06	1.07	1.08	1.09	1.10
	



Table 4: VCC magnitude for ATS at .
	

	Grade (%)	
                Grade length
(miles)	Percent of heavy vehicle
	0%	10%	20%	30%	40%	50%	60%	70%	80%	90%	100%
	

	= 4	3	1.02	1.63	2.24	2.86	3.47	4.08	4.69	5.31	5.92	6.53	7.14
	

	1	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1.00	1.00	1.34	1.68	2.02	2.36	2.70	3.04	3.38	3.72	4.06	4.40
	     = 3.63	1.03	1.03 	1.64 	2.25 	2.86 	3.46	4.07	4.68	5.29	5.90	6.51	7.11
	2	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1.00	1.00	1.68 	2.36 	3.04 	3.72 	4.40 	5.08 	5.76 	6.44 	7.12 	7.80 
	     = 3.2	1.01	1.01	1.28	1.56	1.83	2.10	2.37	2.65	2.92	3.19	3.46	3.74
	3	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1.00	1.00	1.92 	2.84 	3.76 	4.68 	5.60 	6.52 	7.44 	8.36 	9.28 	10.20 
	     = 2.67	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00
	4	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1.00	1.00	1.92 	2.84 	3.76 	4.68 	5.60 	6.52 	7.44 	8.36 	9.28 	10.20 
	     = 2	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00
	5	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1.00	1.00	2.07 	3.14 	4.21 	5.28 	6.35 	7.42 	8.49 	9.56 	10.63 	11.70 
	     = 0	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00
	6	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1.01	1.01	2.18 	3.35 	4.53 	5.70 	6.87 	8.04 	9.21 	10.38 	11.56 	12.73 
	     = −4	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00
	



Table 5: VCC magnitude for PTSF at .
	

	Grade (%)	
                Grade length
(miles)	Percent of heavy vehicle
	0%	10%	20%	30%	40%	50%	60%	70%	80%	90%	100%
	

	= 4	3	1.02	1.63	2.24	2.86	3.47	4.08	4.69	5.31	5.92	6.53	7.14
	

	1	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00
	     = 3.63	1.03	1.00	1.02	1.04	1.06	1.08	1.10	1.12	1.14	1.16	1.18	1.20
	2	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00
	     = 3.2	1.01	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00
	3	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00
	     = 2.67	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00
	4	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1.00	1.00	1.04 	1.08 	1.12 	1.16 	1.20 	1.24 	1.28 	1.32 	1.36 	1.40 
	     = 2	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00
	5	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1.00	1.00	1.10 	1.20 	1.30 	1.40 	1.50 	1.60 	1.70 	1.80 	1.90 	2.00 
	     = 0	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00
	6	 	 	 	 	 	 	 	 	 	 	 	 
	     = 8	1.01	1.00	1.13 	1.26 	1.39 	1.52 	1.65 	1.78 	1.91 	2.04 	2.17 	2.30 
	     = −4	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00	1.00
	



Four examples are shown in Tables 2–5. In these tables, VCC magnitude is compared for a single grade and six substitute cases. The italic data indicate the worse condition of substitute cases than single grade. It is possible that a special configuration be preferable; note the change in  could alter the result.
As shown in Tables 2 and 3, substituting alternative  is more effective in PTSF. While only the first case has better traffic operation for ATS, three first cases for PTSF show better results.
Tables 4 and 5 also show the same results but the condition for alternative  gets worse quicker.
Taking into account the limit of capacity of 1700 (pcu/h) and the assumption of PHF = 1, VCC cannot exceed 17 and 1.9 for  = 100 (veh/h) and  = 900 (veh/h), respectively.
5. Algorithm: Determining Optimum FG in Profile View
As said earlier, the main objective of this study is to develop a procedure to optimize the FG in profile view. Based on aforementioned findings, the following algorithm is introduced.(1)Determine the compulsory points in profile view (such as the entrance of tunnels and bridges).(2)Determine the allowable tolerance in initial FG grades (based on parameters such as geotechnical considerations for maximum height of excavations or embankments).(3)Determine if any tangent can be replaced by two tangents based on traffic operation considerations.(4)Determine if any of the tangents which resulted in step  can be broken into two new ones based on the same manner.(5)Determine if any two adjacent tangents could be combined to a single one that has a better traffic operation.(6)Repeat steps  and  until the best FG line is achieved.This algorithm can be used in design level of new constructed roads and even in rehabilitation projects. It is assumed that this algorithm may prevent constructing climbing lanes in individual cases.
6. Conclusions
This study was carried out to evaluate the traffic performance on upgrades, subjected to some limitations. Only specific TWTLHs upgrades were analyzed in Classes I and II; also no recreational vehicles were assumed in traffic composition.
Based on the results of this study, volume level and traffic composition have a contributing effect on traffic operation in specific upgrades on TWTLHs. So it is essential that transportation planners and engineers predict and manage traffic demand on these facilities as exactly as possible.
The results show that applying traffic restrictions on heavy vehicles may be an appropriate decision in order to improve the performance of a highway, without encountering serious problems in transportation and funding public money on what may not be necessary at the time. However, in this case, such a decision should be justified, both economically and traffic operationally.
The proposed algorithm determines that replacing a straight specific upgrade with two different grades and vice versa could improve the traffic performance of a TWTLH in special cases. Results show that as traffic volume increases, a single grade is more effective while using two separated grades is more efficient for Class II TWTLHs where PTSF is the only measure of effectiveness.
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