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Earlier studies acknowledged that the design speed does not principally assure consistency in the design of highway geometric elements. Methodologies for estimating operating speeds are limited to specific or local traffic conditions and design standards, as in various studies conducted on two-lane and multi-lane highways. The present study develops operating speed models of the vehicle types observed on horizontal curves and tangent sections on two-lane highways in southern parts of India. Geometric features of the curve section and adjacent tangent sections, such as the radius of the curve, curve length, deflection angle, degree of curvature, gradient, carriageway width, and shoulder width, are obtained from the field. The speed data collected at 24 locations on the highway, including curved and tangent gradient sections, are used to analyze and model operating speed. The results indicate that the inverse of the square root of the radius appears to be an influencing parameter for modeling the operating speed of vehicles. The operating speed is sensitive for a curve radius of up to 600 m; thereafter, the operating speed appears insignificant. On tangent sections, the gradient has a larger influence on the operating speeds of all vehicle types. The operating speed models are validated and compared with models available in the literature. The proposed models developed in the present study are helpful to traffic engineers for predicting the operating speed on two-lane highways.
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1 INTRODUCTION
According to World Health Organization (WHO) data, approximately 1.35 million people die each year as a result of road traffic accidents (WHO, 2018). The situation is even more concerning for low- and middle-income countries, which account for 93% of global road fatalities despite possessing roughly 60% of the world’s vehicles. With one of the world’s largest road networks, the issue of road safety becomes even more vital for India. The Ministry of Road Transport and Highways (MoRTH) reported a total number of road accidents in India of 4,61,312 in 2022. Of these, 309,247 accidents were reported on a tangent section (MoRTH, 2022). The number of accidents, fatalities, and injuries on a tangent road section increased by 11.2% from 2021 to 2022. Vehicle speed tends to be high on straight roads in an open area, and a high percentage of accidents occur on these road segments. Similarly, 54,593 accidents were reported on curved road sections in 2022 in India (MoRTH, 2022). The number of accidents, fatalities, and injuries that occurred on a curved road section increased to 10% from 2021 to 2022. The main reasons for horizontal curve accidents are improper driver behavior and poor coordination between geometric elements. Horizontal curves are usually analyzed based on the design speed concept with an assumption about the design speed of a vehicle attaining maximum speed on the curve.
In reality, the vehicles may move on the curve with the same or at more or less than the design speed. Fitzpatrick et al. (1995) reported that drivers choose their speeds based on the availability of road features rather than the posted speed limit. This selected speed under free-flow conditions is the operating speed (Tottadi and Mehar, 2022). Moreover, approximately 80% of accidents occurred on tangent and curved sections. Hence, curve and tangent sections have been recognized as important geometric features of highways that affect road safety.
One of the main reasons for road accidents on the highway is high speed. Speed accounts for 71.2% of road accidents during 2022 in India. Therefore, speed is considered the most important parameter defining the convenience, comfort, and safety of road users. Among several other factors associated with travel time and cost, vehicle speeds are directly affected by the decisions made by the drivers when selecting alternative routes. In India, highways have a design speed, and the traffic conditions comprise various vehicles with different static and dynamic characteristics (Karuppanagounder and Arasan, 2008). The speeds of vehicles range as low as 10 kmph in the case of hand-drawn and animal-drawn vehicles and as high as 100 kmph in the case of passenger cars. Road geometry is considered one of the main factors controlling vehicle speed on both curved and tangent highways. The design speed is selected to determine the roadway’s geometric features (AASHO, 2011). The main limitation of the design speed concept is that it uses the design speed of the most restricted geometric feature in the highway segment.
Thus, while using this design speed concept, the speeds at which a vehicle travels on curved or tangent sections have not been considered. This gap could lead to possible inconsistencies between successive elements of a roadway system. Operating speed is observed under free-flow roadway conditions (AASHO, 2011). Highway geometry compatible with driver’s expectancy is a basic and important requirement for highway design (Nicholson, 1999). Most studies examining the relationship between design speed and operating speed have shown a disparity between them (Malaghan et al., 2021; Jacob and Anjaneyulu, 2012; Bella, 2007; Lamm et al., 1998). The geometric design consistency is evaluated using the driver workload, alignment indices, and operating speed. Among these variables, the operating speed-based approach is commonly used for assessing geometric design consistency as it is a visible safety indicator. Therefore, designing a highway without considering the operating speed may lead to numerous road accidents.
Traffic flows in developing countries like India comprise different classes of vehicles with different static and dynamic characteristics that occupy the common road space. The diversity in vehicle classes makes a greater difference in these vehicles’ free speed, which challenges designers and planners to keep updating the speed limits at sections at frequent intervals. Moreover, the operating speed of vehicles does not match the geometry due to inconsistency in highway alignment design. Therefore, the present study analyzes the speed characteristics of different vehicle types to develop operating speed models on two-lane roads with varying geometric conditions.
2 LITERATURE REVIEW
The literature review addresses all significant studies performed on the operating speed of vehicles on horizontal curves and tangent sections separately.
2.1 Horizontal curves
Since the 1950s, several studies conducted to estimate operating speed on two-lane rural highways have resulted in various methods for estimating the operating speed on horizontal curve sections of two-lane highways (Taragin and Leisch, 1954; Fitzpatrick and Collins, 2000; Schurr et al., 2002; Misaghi and Hassan, 2005; Malaghan et al., 2020; Shallam and Ahmed, 2016; Mirzahossein et al., 2023). The radius of the curve is considered the most important parameter for estimating operating speed at a horizontal curve (Ottesen and Krammes, 2000; Abbas et al., 2011; Jacob and Anjaneyulu, 2013; Malaghan et al., 2020; Tottadi and Mehar, 2022). The previous studies confirmed that the greatest impact on operating speed is found with a radius of less than 250 m. As per the National Cooperative Highway Research Program (NCHRP) 785 report, curve radius greatly influences the operating speed if it is less than 1000 ft (Ray et al., 2014). Some studies reported that vehicles’ operating speed showed sensitivity at a radius of 400 m (Schurr et al., 2002; Jacob and Anjaneyulu, 2013). In a study by McLean (1978), curve radii greater than 850 m no longer affect the operating speed of vehicles. Researchers found that vehicle operating speeds with curve radii greater than 800 m remain the same as in preceding tangent sections (Fitzpatrick et al., 1995; Misaghi and Hassan, 2005; Jacob and Anjaneyulu, 2013). Many authors recognized that the different forms of radius (√R, 1/√R, 1/R), curvature change rate (CCR), degree of curvature, and deflection angle have a significant impact on operating speed of vehicles on highways (McLean, 1978; Lamm and Choueiri, 1987; Ottesen and Krammes, 2000; Memon et al., 2008; Perco, 2008; Jacob and Anjaneyulu, 2013; Malaghan et al., 2022). A CCR of less than 180 gon/km is designated as “good design.” A CCR between 180 gon/km and 360 gon/km is designated as “fair design,” and a CCR larger than 360 gon/km is designated as “poor design” (Lamm and Choueiri, 1987).
The study used the degree of curvature as an explanatory variable ranging from 4° to 28°. They revealed that a degree of curvature less than 4° may not affect the operating speed of cars on highways (Ottesen and Krammes, 2000). Voigt (1996) considered the rate of super-elevation and degree of curvature when estimating the 85th percentile operating speed on the mid-point of a horizontal curve. They reported that the super-elevation is statistically significant, accounting for 1%–2% more variability in the data. Schurr et al. (2002) revealed that the 50th percentile, 85th percentile, and 98th percentile speeds decrease due to an increase in the deflection angle of a horizontal curve.
Misaghi and Hassan (2005) found no significant difference between the speeds of cars and light commercial vehicles and combined them into a single vehicle type for estimating operating speed on curves and tangent-to-curve transitions. Zuriaga et al. (2010) used curve radius and curvature change rate as independent variables for calibrating a model for the horizontal curve. They reported that the radius has a greater impact on vehicle operating speed when it is less than 400 m. Jacob and Anjaneyulu (2013) developed 85th percentile operating speed models for several vehicle types: car, two-wheeler, bus, and truck. The study found that the radius of the curve affects vehicle operating speeds less than the curve length. Montella et al. (2014) concluded that the speed of drivers is not constant on a horizontal curve from the point of curvature to the point of tangency. The individual drivers reported significantly greater deceleration and acceleration rates than those needed to make operating speed profiles. Wang and Wang (2018) proposed a log-linear relationship between curve radius and 85th percentile operating speed. The authors found that the speeds are significantly decreased for a curve radius of less than 305 m. Malaghan et al. (2020) and Malaghan et al. (2022) proposed a model for predicting the operating speed of heavy vehicles using continuous speed profiles. They found that the curve radius, curve length, and approach tangent length greatly influenced the operating speed of heavy vehicles. Moreover, the authors suggested a relationship between operating speed differential (∆85V) and differential 85th percentile speed (∆V85) and described the merits of the continuous speed profiles method over spot speed measurements. Goyani et al. (2022) developed models for predicting the operating speed of vehicle types car, two-wheelers (2Ws), and heavy commercial vehicles (HCVs) on hilly terrains in India. The authors revealed that the HCVs were more susceptible to geometric variables than cars. However, geometric variables do not significantly affect the speed of 2Ws.
2.2 Tangent section
Several studies have been performed to predict operating speed on horizontal curves, and only a few have been performed on tangent sections. Lamm et al. (1988) suggested a few recommendations while designing rural highways. They found the minimum tangent length between successive elements (viz., curve to curve and tangent to curve) for establishing consistency rating. Polus et al. (2000) divided field data collected at 162 sites into four groups based on the radius of curves and the length of the tangent from small to large. The authors found that the short radii and intermediate tangent length fit the model well. As per earlier studies, tangent length and curve radius of preceding and succeeding sections are significant explanatory variables for predicting operating speed. Fitzpatrick et al. (2005) collected speed data at the mid-point of a long tangent. They stated that the posted speed limit and access point density are significant variables for predicting operating speed on tangent sections.
Other variables, such as median type, parking, and pedestrian activity, number of lanes, the density of objects along the road, and the presence of curbs and sidewalks, also influence the operating speed on a tangent (Fitzpatrick et al., 2005; Wang et al., 2006). Dell’Acqua et al. (2007) revealed that the operating speed on a tangent depends on the tangent length and the average speed measured on the preceding curve. Moreover, the pavement distress and the presence of an intersection nearer to selected sites also influenced the operating speed (Dell’acqua and Russo, 2011). Semeida (2013) reported that the posted speed limit had less effect on operating speed than other variables such as carriageway width, median width, and access point density. Similarly, variables like shoulder width and roadside hazard rating greatly influence the operating speed (Rao and Chandra, 2022). Jacob and Anjaneyulu (2013) stated that the operating speeds of different vehicles on tangents depend on the preceding tangent length. The study also found that trucks move at a lower speed than buses when the tangent length is less than 400 m. Maji et al. (2018) considered geometric variables, pavement characteristics, and traffic parameters for developing operating speed models. They found that the posted speed limit and skid number affect operating speed on tangent sections of highways. Malaghan et al. (2020) and Malaghan et al. (2022) found that the preceding and succeeding tangent lengths significantly influenced the operating speed of heavy passenger vehicles on the tangent section.
Most earlier studies were done to predict the speed of passenger cars, and only a few have been developed for heavy trucks or light commercial vehicles. Few studies have been done in India that consider different types of vehicles such as cars, two-wheelers, light commercial vehicles, and heavy commercial vehicles. In this study, different vehicle types, such as small cars (CSs), big cars (CBs), two-wheelers (2Ws), three-wheelers (3Ws), light commercial vehicles (LCVs), multi-axle vehicles (MAVs), and buses, are considered. The present study determines the operating speed of different vehicle types on various sections of two-lane highways by considering various geometric characteristics. This study aims to analyze the speed characteristics of different vehicle types to develop operating speed models on two-lane roads with various geometric conditions. In addition, the present study performed validation and compared the developed models with the existing models in the literature.
3 SITE SELECTION
The study identified 48 sites, including 24 tangent grades and 24 curved sections, on rural two-lane highways. The selected horizontal curve radius ranges from 98 m to 672 m. The selected sites are free from the influence of intersections on access points, physical obstructions, and narrow bridges, and all have pavement and shoulders in good condition. Moreover, these sites have proper lane markings, sufficient sight distance, and low average annual daily traffic (AADT) to ensure free-flow conditions. A Google Earth image of a selected location where data collection was performed is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Google Earth image of the site along NH-163 (coordinates: 18°12′54.4″N, 79°59′48.0″E).
4 DATA COLLECTION
The data collected for the study include the roadway and geometric data and free-flow speed data. The various geometric features such as the radius of curve (R), length of curve (LC), deflection angle (Δ), degree of curvature (D), and roadway gradients are collected using a total station instrument. The characteristics of the site, such as roadway type, number of lanes, carriageway width (CW), shoulder width (SW), and shoulder type (ST), are measured at the sites. The width of the carriageway on a tangent varies from 7.0 m to 7.7 m on the curve, and the width measured at the mid-point ranges from 7.0 m to 7.5 m. The shoulder width at selected locations varies from 1.0 m to 2.0 m. The parameter values and their ranges of overall data are presented in Table 1.
TABLE 1 | Summary of observed field data.
[image: Table 1]The free-flow speeds of vehicles are measured with a radar gun machine at the mid-point of the curve. The video of the traffic operation is recorded from 08:30 AM to 12:30 PM in good weather conditions for measurement of traffic flow. The schematic diagram of the selected site is given in Figure 2. The traffic volume data are collected using the video-graphic method. A trap length of 30 m was used to calculate the speed data. The speeds were collected for cars (Cs), two-wheelers (2Ws), three-wheelers (3Ws), light commercial vehicles (LCVs), heavy commercial vehicles (HCVs), and buses on horizontal curves and tangent sections of the roadway.
[image: Figure 2]FIGURE 2 | Schematic diagram of horizontal curve location.
5 ESTIMATION OF 85TH PERCENTILE SPEED
The 85th percentile speed is usually estimated by creating free speed profiles of the traffic stream based on the observed data. The speed frequency and class interval provide an understanding of the speed distributions. The cumulative speed profile explains the speed characteristics and expectations about the 85th percentile speed on a particular highway. The collected data created the speed distribution curve for Section 4 and it is presented in the Figure 3.
[image: Figure 3]FIGURE 3 | Cumulative percentage frequency curves.
6 FIELD DATA ANALYSIS
The speed analysis is performed using data obtained from various study locations. The speed distribution analysis is performed for each vehicle type, and mixed traffic speeds are fitted to different distributions. Each vehicle type follows either a normal distribution or a log-normal distribution. However, the mixed traffic speed profile only fits the Beta4 distribution. Statistical tests on the speeds of different types of vehicles are conducted to compare the means and variances between data sets per vehicle type. T-tests and F-tests are performed to compare the mean and variances between speeds of different vehicle types. The results of the statistical tests are shown in Table 2.
TABLE 2 | Results of statistical tests.
[image: Table 2]The results show no significant difference between the speeds of observed vehicle types CS and CB. Hence, the present study considers them as single vehicle type category, passenger cars, for analyzing operating speeds. Similarly, statistical tests conducted between MAVs and buses showed that the observed speeds between MAVs and buses were not significantly different, and they are combined into a single vehicle type category, HCVs.
6.1 Effect of the radius of the curve on the 85th percentile speed
To examine the effect of radius on 85th percentile speed, a relationship is developed between the speeds of different types of vehicles and the radius of the curve (R). The variation of the 85th percentile speed with radius is presented in Figure 4. It can be observed that as the radius (R) increases, the 85th percentile speed also increases. Vehicle types such as 2Ws, LCVs, and HCVs move at similar speeds, whereas cars move at higher speeds, and 3Ws move at slower speeds.
[image: Figure 4]FIGURE 4 | Variation of 85th percentile speed with radius.
6.2 Effect of grade on the 85th percentile speed
To examine the influence of gradient (both the ascending and descending grade section) on the 85th percentile speeds of different classes of vehicles, the relationship between gradient and speed is plotted and presented in Figure 5. The 85th percentile speed increases with descending grades and decreases with ascending grades. In both Figures 4, 5, the 85th percentile speed of cars was observed to be the fastest, whereas that of 3Ws is the slowest, and the 85th percentile speeds of 2Ws, LCVs, and HCVs were observed to be similar to each other. For every 2% of ascending grade, the observed speeds of cars and 3Ws vary by 4 kmph. In contrast, in the descending grade section, only a 2 kmph variance is observed for 2Ws, LCVs, and HCVs.
[image: Figure 5]FIGURE 5 | Variation of 85th percentile speed with gradient.
7 MODEL DEVELOPMENT
Models are developed to estimate the operating speed of vehicles on horizontal curves and tangent sections of two-lane highways. A multiple linear regression method was used to evolve speed prediction models. The independent parameters used for model development are curve radius (R), curve length (CL), degree of curvature (D), gradient (G), carriageway width (CW), and shoulder width (SW).
7.1 Horizontal curve
A preliminary correlation analysis was performed between the 85th percentile speed and various geometric parameters on curves. The radius is transformed into different forms, such as 1/R, LnR, √R, and 1/√R, to check the strongest correlation with the 85th percentile speed. The correlation test was performed between independent variables and 85th percentile speeds of vehicles. The inverse of the square root of the radius (1/√R) was observed as the most significant factor influencing the operating speed. Therefore, the curve radius is used as an independent variable in this study for model development, according to Equation 1:
[image: image]
where V85c = operating speed at the curve (kmph);
R = curve radius (m);
a0 and a1 are the model parameters to be calibrated.
The regression analysis yielded the models for car and HCV vehicle types shown in Figure 6. The model has a steep slope for a small radius and a decreasing slope as the radius increases. It suggests that the radius is less important in speed selection for large-radius curves than for sharp curves. The summary statistics of the developed models are presented in Table 3.
[image: Figure 6]FIGURE 6 | Operating speed models for curves.
TABLE 3 | Results of multiple linear regression.
[image: Table 3]7.2 Operating speed models on tangents
Predicting the operating speed on a tangent road section is complicated. In this study, the tangent section models were developed on ascending and descending grade tangent sections.
7.2.1 Ascending grade section and descending grade section
The geometric parameters used for modeling the operating speeds of different vehicle types at ascending grade and descending grade sections on various study locations are gradient (G), carriageway width (CW), and shoulder width (SW). The correlation test was performed between the 85th percentile speed of different vehicle types and geometric parameters to find significant variables. It was observed that only gradient (G) had a significant influence on operating speed in all types of vehicles. All operating speed models of various vehicle types were obtained at 95% confidence levels. The independent variables in the obtained models were significant at the 95% confidence level (i.e., p ≤ 0.05) and are presented in Table 4. When the descending gradient increases, the speed reduction is the same in cars and HCVs. The variations of the predicted operating speed of cars and HCVs with ascending grade and descending grade sections are shown in Figures 7, 8. Therefore, the gradient is used as an independent variable in this study for model development, according to Equation 2:
[image: image]
TABLE 4 | Results of multiple linear regression.
[image: Table 4][image: Figure 7]FIGURE 7 | Variation of predicted 85th percentile speed with ascending gradients.
[image: Figure 8]FIGURE 8 | Variation of predicted 85th percentile speed with descending gradients.
where V85a&d = operating speed on ascending and descending grade section (kmph), G = gradient (%), and a0 and a1 are the model parameters to be calibrated.
8 MODELS OF OPERATING SPEED FOR MIXED TRAFFIC AND COMPARISON
The models are developed to determine the 85th percentile speed on curved and straight sections. A correlation test was conducted among the 85th percentile speeds at the curve section, examining 85th percentile speed parameters such as radius of the curve (R), length of the curve (Lc), deflection angle (Δ), carriageway width (CW), shoulder width (SW), and modified forms of the radius (1/R, Ln R, √R, and 1/√R). It was found that the inverse of the square root of the radius (1/√R) was most significantly correlated with the 85th percentile speed. Therefore, the inverse square root of the radius (1/√R) was considered an independent variable for modeling the operating speed.
A regression model was developed to determine the operating speed of mixed traffic on the curve section, as shown in Table 5. The same procedure was followed to develop the model for the operating speed of mixed traffic on a straight section. Only gradient (G) was found to be correlated with the operating speed of mixed traffic. Therefore, the model was developed for operating speed, considering the gradient as an independent variable, as shown in Table 5.
TABLE 5 | Operating speed models for mixed traffic.
[image: Table 5]The proposed model for mixed traffic on curved sections was further compared with earlier models. The comparison of the car operating speed model with existing models is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Comparison of the proposed car operating speed model with existing models.
Previous models report higher operating speeds than the proposed model, except the model developed by Shallam et al. (2016), which was proposed under heterogeneous traffic conditions in India. This study helps estimate operating speed under mixed traffic conditions.
9 MODEL VALIDATION
The validation of the developed models used the remaining one-third of the data to compare the observed V85c and predicted V85c values. The accuracies of the developed models are expressed in terms of root-mean-square error (RMSE) and a 45° regression line. A graphical representation was also made among the observed V85c, and V85c was predicted to form the comparative variance shown in Figure 10. The RMSE values were calculated for validation using Equation 3:
[image: image]
[image: Figure 10]FIGURE 10 | Observed V85c versus predicted V85c.
where Xi = observed value of ith site observation; Xi’ = predicted value of ith site observation; n = number of observations.
The RMSE value of operating speed on the horizontal curve for mixed traffic conditions is 3.29 kmph. This value is less than previously developed models (Taragin and Leisch, 1954; Kanellaidis and Efstathiads, 1990; Voigt, 1996; Passetti and Fambro, 1998; Zuriaga et al., 2010; Castro et al., 2012; Jacob and Anjaneyulu, 2013; Malaghan et al., 2020), which shows the accuracy of the current model’s prediction of speeds on a horizontal curve in a two-lane highway.
10 CONCLUSION
The main objective of this study is to develop operating speed prediction models for horizontal curves and tangent sections of two-lane highways. Seven vehicle types are considered (CB, CS, 2W, 3W, LCV, MAV, and B). The t-test and F-test are performed to compare the mean and variances between different types of vehicle speeds to determine whether any significant difference exists. No significant difference is observed between the speeds of large and small cars or between MAVs and buses. Therefore, CS and CB are combined into a single vehicle type, cars, and MAVs and buses are combined into the category of HCVs. The geometric characteristics such as curve radius (R), curve length (CL), degree of curvature (D), gradient (G), carriageway width (CW), and shoulder width (SW) are used as explanatory variables for model development using the multiple linear regression method. The correlation test was performed between explanatory variables and 85th percentile speeds of different classes of vehicles. It is found that the inverse square root of radius made a strong correlation with 85th percentile speed, and the coefficient of determination (R2) values for predicting operating speed models of cars, 2Ws, 3Ws, LCVs, and HCVs are 0.872, 0.848, 0.823, 0.869 and 0.893, respectively. The curve radius has more impact on operating speed for a radius less than 300 m. The vehicle types of cars, 2Ws, 3Ws, and LCVs were found to be more affected by the radius of the curve.
Operating speed models were developed for both ascending and descending grade sections of tangent sections. The independent variables, which are gradient (G), carriageway width (CW), and shoulder width (SW), and the dependent variable, the 85th percentile speeds of all vehicles, were considered for model development. The gradient was a significant variable for estimating operating speed on ascending and descending grade sections. Passenger cars were found to move at higher speeds than other types of vehicles.
This study also provides a model for mixed traffic conditions on horizontal curves and tangent sections. This curve model is compared with the existing operating speed models. The predicted operating speed is more sensitive at a lower radius as it decreases drastically at a radius smaller than 600 m than previously developed models. The developed models for predicting operating speed on horizontal curves and tangent sections showed high correlation and low error values. These models can evaluate the geometric design consistency and define appropriate posted speed limits on curved and tangent sections. The proposed models make it easier for traffic engineers to anticipate the operating speed on multi-lane highways.
Future studies should incorporate other geometric parameters (such as deflection angle and tangent length) and vehicle characteristics. In addition, pavement characteristics, existing site characteristics, and climatic conditions should be included. A larger number of sites should be considered for better operating speed prediction.
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