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Abstract. Researchers have studied two-lane rural highways to predict the operating speed on horizontal curves and cor-
related it with safety. However, the driving characteristics of four-lane-divided highways are different. Weak lane discipline 
is observed in these facilities, which influences vehicle speed in adjacent lane or space. So, irrespective of its lane or lateral 
position, vehicles in four-lane divided highways are considered free flowing only when it maintains the minimum thresh-
old headway from any lead vehicle. Examination of two conditions is proposed to ensure the free flow. Vehicles meeting 
both conditions, when tracked from the preceding tangent section till the centre of the horizontal curve, are considered 
as free flowing. The speed data of such free flowing passenger cars at the centre of eighteen horizontal curves on four-lane 
divided highways is analysed to develop a linear operating speed prediction model. The developed model depends on curve 
radius and preceding tangent length. The operating speed of passenger car in four-lane divided highways is influenced by 
horizontal curve of radius 360 m or less. Further, longer tangent would yield higher operating speed at the centre of the 
curve. Finally, two nomograms are suggested for conventional design, consistency based design and geometric design con-
sistency evaluation of four-lane divided horizontal curves. 

Keywords: operating speed, horizontal curve, speed prediction model, weak lane discipline, nomogram, passenger car, 
four-lane divided highway.

Introduction 

Vehicle speed depends on driver’s perception of surround-
ings, which is influenced by highway geometry, traffic con-
trol devices, driving environment, weather condition, etc. 
In absence of other vehicles, it represents preferred speed 
of driver. Vehicles are safe, when the preferred speed in 
a horizontal curve is equal to or less than its safe speed. 
Now, curves with radius 500 m or less are considered as 
sharp (Figueroa Medina, Tarko 2005). Sharp horizontal 
curves affect the preferred speed (Fitzpatrick et al. 2000a; 
Jacob, Anjaneyulu 2013; Russo et  al. 2016). Hence, any 
misjudgement in vehicle speed while entering a horizontal 
curve can turn out to be unsafe. Vehicles, in this situation, 
may go out of control leading to single vehicle crashes. 

Some of the key assumptions of car following theory 
are (i) vehicles travel in the centre of the lane, and (ii) a ve-
hicle is influenced directly by single lead vehicle. The lane-
based-driving also assumes vehicle position close to the 
centre of the lane (Gunay 2003, 2004, 2007, 2009). How-

ever, in the field, it is observed that not all vehicles travel 
along the centre of the lane. This type of weak lane disci-
pline can be observed in developed countries, especially 
in multi-lane highways located in peri-urban and urban 
environments (Gunay 2003, 2004, 2007, 2009). Research-
ers have attributed this driving behaviour to inadequate 
lane markings and lane width, poor visibility, poor road 
surface and deterioration in perfect driving attitudes (Gu-
nay 2003, 2004, 2007; Khan, Maini 1999). Further, weak 
lane discipline is predominant in developing countries 
(Mathew et al. 2015; Mallikarjuna, Rao 2011; Mahapatra, 
Maurya 2013; Bangarraju et  al. 2016). Vehicles in weak 
lane discipline environment are affected by lead vehicles 
located in the adjacent lanes or positions (Mathew et al. 
2015; Gunay 2003, 2007; Bangarraju et al. 2016). Research-
ers have opined that vehicles veer laterally to select appro-
priate lane position and speed based on the lead vehicle(s) 
(Drew 1968; Case et al. 1953; May 1959). Further, Raw-
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son (2015) had reported that in multi-lane divided high-
way, vehicles involved in passing movement may affect 
each other’s speed. Therefore, vehicles involved in pass-
ing should not be considered as free flowing. Operating 
speed is defined as 85th percentile of free flow speed, i.e., 
V85 (AASHTO 2011). Hence, V85 prediction models for 
horizontal curves are developed based on free flow speed. 
To ensure free flow condition, vehicles are required to be 
tracked within the study area (comprising of horizontal 
curve and its preceding tangent section). In this paper, 
a suitable methodology is developed for free flow speed 
data collection in four-lane divided horizontal curves. 

Several V85 prediction models are developed in the 
past. These models are predominantly for two-lane 
highways and they are not uniform in model formats, 
independent variables used and regression coefficients 
obtained. It is due to the variations in driver behaviour 
between the studied regions (Misaghi, Hassan 2005). 
Therefore, no single vehicle speed prediction model is uni-
versally accepted and applicable. Now, the V85 prediction 
models for four-lane divided horizontal curves, especially 
in developing countries, are very limited. It motivated the 
authors to develop vehicle speed prediction model using 
vehicle speed and roadway geometry data obtained from 
four-lane divided highways. 

1. Background

Horizontal curves are considered as one of the critical 
highway geometric elements with severe safety concerns 
(Torbic et al. 2004). It has been found that fatal crashes 
in horizontal curves are approximately one fourth of the 
total fatal crashes on highways (Torbic et al. 2004; Fitzsim-
mons et al. 2012; Fitzsimmons et al. 2013a; Campbell et al. 
2012; Glennon et al. 1983). However, the fatal crash per 
unit length of curve sections (i.e., total crashes at curves/
total length of curve sections) is higher than the fatal crash 
per unit length of tangent sections (i.e., total crashes at 
tangents/total length of tangent sections) of the highway 
(Torbic et al. 2004; Gong, Stamatiadis 2008). Most of the 
fatal crashes in horizontal curves are single-vehicle crash 
(Glennon et al. 1983). 

Consistent geometric design claims to reduce crash 
frequency significantly (Dell’Acqua et al. 2013a). Vehicle 
speed is one of the surrogate performance measures to 
evaluate geometric design consistency and safety of hori-
zontal curves. Researchers have used the absolute differ-
ence between design speed and operating speed (i.e., the 
85th percentile free flow speed V85) to evaluate geometric 
design consistency and safety of horizontal curves in high-
ways (Lamm et al. 1990, 1998). The most related studies 
in developed countries as well as in devolving countries 
have used this criterion (Fitzpatrick et  al. 2000a; Jacob, 
Anjaneyulu 2013; Lamm et al. 1990, 1998). Not all driv-
ers do reduce speed while traversing a horizontal curve. 
About 87% of the drivers reduce or maintain their vehicle 
speed in the horizontal curve while approaching from a 
tangent section (Bonneson 1999). This means, there are 
drivers who might have slowed down in the approach 

tangent for unrelated reasons. They can accelerate in the 
horizontal curve to attain their preferred speed. In either 
way drivers tend to maintain safe speed in the curve and 
this safe speed could be correlated to the horizontal curve 
geometry such as curve radius. 

Vehicles not influenced by environment vehicles are 
considered as free flowing. Only highway geometry in-
fluences the speed of free flowing vehicles (Hashim et al. 
2016; Polgár et al. 2013; Tettamanti, Varga 2014). Hence, 
the free flow speed is defined as the speed adopted by a 
driver uninfluenced by other vehicles in a traffic stream 
for a given road conditions (Polgár et al. 2013; Tettamanti, 
Varga 2014). The Highway Capacity Manual (TRB 2010) 
suggests that vehicles travelling with headway equal to or 
greater than a threshold headway value are considered as 
free flowing. For rural highways, several researchers have 
adopted the threshold headway value as 5 s (Fitzpatrick 
et al. 2000a; Hashim et al. 2016; Gong, Stamatiadis 2008; 
Poe et al. 1996; Russo et al. 2015, 2016). However, weak 
lane discipline in multi-lane divided highways can influ-
ence vehicles (Mathew et al. 2015; Mallikarjuna, Rao 2011; 
Gunay 2003, 2007; Bangarraju et  al. 2016; Drew 1968; 
Case et al. 1953; May 1959; Rawson 2015) prior to cen-
tre of the horizontal curve. Therefore, at selected speed 
measurement points consideration of lane based threshold 
headway value alone may not be appropriate to evaluate 
the free flow condition in multi-lane divided highways. 
Hence, effect of lead vehicle traveling in the adjacent lane 
prior to centre of the curve need to be considered. Vehicle 
tracking can help to identify this interaction with other 
vehicles prior to the curve centre. Therefore, additional 
criteria apart from the minimum threshold headway need 
to be developed for improving the evaluation of free flow 
condition.

The studies related to speed prediction models con-
sider radius as the most dominant independent variable 
(Gong, Stamatiadis 2008; Abdul-Mawjoud, Sofia 2008; 
Bennett 1994). Researchers have found that V85 increases 
with increase in curve radius; however, remains unchanged 
for flatter curve (Abdul-Mawjoud, Sofia 2008; Fitzpatrick 
et al. 2000b; Collins et al. 1999). Flatter curves have radius 
of 1700 ft (i.e., 518 m) or more (Figueroa Medina, Tarko 
2005). Russo et al. (2016) reported that curves having ra-
dius more than 500 m do not influence driving perfor-
mance in horizontal alignment. A study in India by Jacob 
and Anjaneyulu (2013) indicates that radius of 400 m or 
below influence the preferred speed on horizontal curves. 
Therefore, the present study considers sharp curves with 
radius 500 m or below for developing speed prediction 
model. Most of the available speed prediction models are 
developed for two-lane rural highways (Fitzpatrick et al. 
2000a, 2000b; Lamm et al. 1990, 1998; Hashim et al. 2016; 
Abdul-Mawjoud, Sofia 2008; Abbas et al. 2011; Jacob, An-
janeyulu 2013; Memon et al. 2008). Table 1 represents the 
summary of a few relevant models. Gong and Stamatiadis 
(2008) developed V85 prediction models for four-lane hor-
izontal curves on rural non-freeways in the United States. 
Researchers have reviewed the vehicle speed behaviour 
on horizontal curves for four-lane divided highways in 
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developing countries (Nama et al. 2016). However, avail-
ability of speed prediction model for four-lane divided 
horizontal curves is very limited, especially in developing 
countries. Generally, researchers have adopted Ordinary 
Least Square (OLS) regression technique for develop-
ing the speed prediction models (Misaghi, Hassan 2005; 

Fitzpatrick et al. 2000a; Lamm et al. 1990, 1998; Hashim 
et al. 2016; Abdul-Mawjoud, Sofia 2008; Abbas et al. 2011; 
Eboli et al. 2017; Russo et al. 2016). The independent vari-
ables used in these models are combinations of curve ra-
dius, curve length, length of approach tangent, degree of 
curvature, deflection angle, gradient, lane width, shoulder 

Table 1. V85 prediction models of horizontal curves for passenger cars

Author Model

Bennett (1994)*
85

451661 58 0 485 aV . . V
R

= + ⋅ −

Taragin and Leisch (1954)*
85

2554.7688.87V
R

= −

Kerman et al. (1982)*
3

85 398
a

a
V

V V
R

= −
⋅

Russo et al. (2016)*
85

7036.54114.75V
R

= −

Glennon et al. (1983)*
85

4524.94103.96V
R

= −

McFadden and Elefteriadou (2000)*
@ 20085

954.4485 14.90 0.144 0.0153
PC

MSR V ATL
R

= − + ⋅ + ⋅ +

Eboli et al. (2017)* 85 _850.037 0.858 aV R V= ⋅ + ⋅

Voigt (1996)*
85

2951.3799.61V
R

= −

Lamm et al. (1988)*
85 34.70 2.081 0.174 0.0004V DC LW SW AADT= + + ⋅ + ⋅ + ⋅

Passetti and Fambro (1999)*
85

3020.50103.90V
R

= −

Misaghi and Hassan (2005)*
3

85 91.85 9.813 10V R−= + ⋅ ⋅ ;
6 2

85 94.30 8.673 10V R−= + ⋅ ⋅

Voigt and Krammes (1996)*
85 99.6 1.69 0.14 0.13 71.82V DC CL e= − ⋅ + ⋅ − ⋅Δ + ⋅

Schurr et al. (2002)*
85 103.3 0.1253 0.0238 71.82V CL G= − ⋅Δ + ⋅ − ⋅

Lamm and Choueiri (1987)*
85

2803.76996.152V
R

= −

Lamm et al. (1990)*
85

3188.65694.398V
R

= −

Islam and Seneviratne (1994)*
85 2

4208.76 36597.92103.03V
R R

= − +

Krammes et al. (1995)*
85 41.62 1.29 0.049 0.12 0.95 aV DC CL V= − ⋅ + ⋅ − ⋅Δ + ⋅

Jacob and Anjaneyulu (2013)**
85

739.2156.75 0.034V CL
R

= − − ⋅

Memon et al. (2008)**
85 _max

157140.4 0.613 0.0244 0.163aV V CL
R

= − + ⋅ + ⋅ − ⋅Δ

Gong and Stamatiadis (2008)***
85 60.779 1.804 2.521 1.071V ST MT AG= + ⋅ − ⋅ − ⋅ −1.519 0.00047 2.408 CLFC R

R
⋅ + ⋅ + ⋅

Notes:
    *two-lane highways in developed countries;
  **two-lane highways in developing countries;
*** four-lane highways in developed countries;
AADT – average annual daily traffic; AG – approaching grade; ATL – approach tangent length; CL – curve length; FC – front curve 
index; G – gradient; LW – lane width; MSR – maximum speed reduction; MT – median type index; PC – point of curvature; ST – 
shoulder type index; SW – shoulder width; Δ – deflection angle; 
Va – approach tangent speed; V85 – 85th percentile speed; V85@  PC200

– 85th percentile speed at 200 m before PC; Va_85 – 85th percentile 
speed at approach tangent; Va_max – maximum approach tangent speed.



428 G. Sil et al. Operating speed prediction model as a tool for consistency based geometric design

width, pavement type index, grade of approach tangent, 
85th percentile speed on approach tangent, average annual 
daily traffic, etc. (Misaghi, Hassan 2005; Fitzpatrick et al. 
2000a; Lamm, Choueiri 1987). Further, in these models, 
the independent variable coefficients vary widely (Fitzpat-
rick et al. 2000a; Lamm et al. 1990, 1998; Hashim et al. 
2016; Abdul-Mawjoud, Sofia 2008; Abbas et al. 2011; Ja-
cob, Anjaneyulu 2013).

2. Study objectives

In some earlier studies, researchers have considered cer-
tain threshold headway for free-flow condition and used 
it in spot-speed data collection for developing the speed 
prediction models of horizontal curves (Fitzpatrick et al. 
2000a; Jacob, Anjaneyulu 2013; Steyer 1998; Watters, 
O’Mahony 2007). These studies did not consider the effect 
of inter vehicle interaction in the prior segment. However, 
a few studies considered tracking of vehicles throughout 
the study zone (i.e., in the horizontal curve and its pre-
ceding tangent) for the free-flow condition (Fitzsimmons 
et  al. 2013a, 2013b; Russo et  al. 2015, 2016). They have 
used Global Positioning System (GPS) fitted vehicles and 
roadside laser detectors, sensors or video cameras for the 
purpose (Fitzsimmons et al. 2013a; Glennon et al. 1983; 
Hashim et al. 2016; Russo et al. 2015; Camacho-Torregro-
sa et al. 2013; Pérez-Zuriaga et al. 2013).

However, vehicle fitted with GPS devices can make 
driver over sensitive about vehicle speed (Nama et  al. 
2016). Data collection using roadside laser detectors 
and sensors cannot identify vehicle categories accurately. 
Moreover, in these techniques, passing movement of vehi-
cles cannot be recognised and vehicles cannot be tracked 
in the study zone. Hence, there is a need to develop an ex-
ternal data collection setup that does not influence speed 
choice behaviour of a driver and can track the vehicle in 
the study zone. 

A large number of researches on vehicle speed predic-
tion models at horizontal curves have been carried out in 
the last several decades (Taragin, Leisch 1954, Fitzpatrick 
et al. 2000a, 2000b; Lamm et al. 1990, 1998; Hashim et al. 
2016; Abdul-Mawjoud, Sofia 2008; Abbas et al. 2011; Ja-
cob, Anjaneyulu 2013; Memon et al. 2008). The available 
models vary widely in terms of independent variables con-
sidered and value of coefficients reported. However, V85 
prediction models for four-lane divided horizontal curves 
are very limited. Therefore, the primary objectives of this 
study are: 

1) to establish field data collection setup for tracking 
free flowing vehicles within a study zone;

2) to develop passenger car V85 prediction model for 
four-lane divided horizontal curves.

3. Site selection and data collection

Russo et al. (2016) reported that flat terrain (i.e., gradi-
ent ≤5%) does not have significant effect on speed of pas-
senger cars. Hence, highways examined in this study are 
located in flat terrain. In total 12 sites on National High-

way 3 (NH-3) and 6 on National Highway 40 (NH-40) are 
selected for this study. The NH-3 sites are located between 
Mumbai and Nashik of Maharashtra in the western region 
of India. Whereas, the NH-40 sites are located between 
Guwahati and Shillong in the north-eastern region of In-
dia. Out of eighteen, fifteen sites are considered for model 
development and the reaming three for model validation. 
The cross section of all sites belongs to four-lane divided 
highways with 7  m wide carriageway on either side. A 
typical site is shown in Figure 1. The following points are 
considered while selecting these sites:

 – uniform cross-section details, such as, four-lane di-
vided carriageway (7 m) with adequate shoulder and 
super-elevation;

 – uniform roadside features, such as, presence of 
guardrail, embankment and shrubs in median;

 – no intersection or median openings within 1 km of 
the study sites; 

 – free from roadside interference due to on-street park-
ing, illegal contra movements, bus bays etc.;

 – no pedestrian or non-motorized vehicle movements;
 – availability of vantage points that are not in direct 
view of drivers for installing video cameras; 

 – good weather and pavement conditions; and
 – traffic flow less than 800 veh/h; 

The data collection process is divided into two parts: 
(i) highway geometric data collection and (ii) vehicle 
spot speed data collection. Geometric data of the sites 
are obtained from National Highways Authority of India 
(NHAI) and Mumbai Nasik Expressway Limited (MNEL) 
in the form of plan and profile drawings. The obtained 
information is cross-checked on the site using surveying 
equipment. At all sites, geometric data available in plan 
and profile drawings matched with the survey data. The 
vehicle spot speed data collection is described in the sub-
sequent sections.

The field data-collection setup for this study is pri-
marily developed keeping the free flow condition of weak 
lane discipline of four-lane divided highways in mind. 
This would require tracking of subject vehicles within the 
study zone. Therefore, in this study, the free flow condition 
is assured by considering the following two conditions:

 – Condition A: maintaining a threshold headway of 5 s  
between the subject vehicle and its lead vehicles at 
the observation stations; 

Figure 1. Typical image of the sites
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 – Condition B: no passing movement between the ob-
servation stations. 

Hashim et al. (2016) indicated that vehicles start ad-
justing speed at the beginning of a circular horizontal 
curve and can extend till the curve centre. Therefore, in 
this study, vehicle speed in the preceding tangent, about 
50 m prior to the point of curvature, is considered as the 
stable speed on the tangent section. The vehicle tracking 
starts from this location (referred as T1 in Figure 2) and 
ends at the centre of the circular horizontal curve (re-
ferred as T3 in Figure  2). An intermediate observation 
point is also setup at the point of curvature (referred as 
T2 in Figure 2) for the same purpose. A trap length of 15 
m is marked at the centre of curve for vehicle speed data 
collection. To satisfy free flow movement, the following 
vehicle should maintain the minimum threshold headway 
from any lead vehicle, irrespective of its lane or lateral po-
sition. Therefore, three synchronized video cameras are 
installed at these locations to monitor time headway (i.e., 
Condition  A at T1, T2 and T3) and any possible inter-
vehicle interaction (i.e., Condition  B between T1 … T2  
and T2 … T3). Further, the video log from camera at T3 
is used to obtain vehicle speed. Cameras at location T2 
and T3 are installed in such an angle that vehicles leaving 
prior observation station can be tracked and monitored 
for Condition B. Vehicles satisfying both conditions (i.e., 
Conditions A and B) are selected for data processing and 
model development. 

4. Data extraction

In this study, passenger cars are the subject vehicles. Con-
dition A is evaluated by comparing the threshold headway 
with the time headway between the subject vehicle and its 
lead vehicles. For this, the video recordings of passenger 
cars are observed frame by frame at all the three locations 
of a site (i.e., T1, T2 and T3). The time to cross a predefined 
fixed object at these locations by the lead vehicles and the 
subject passenger car is noted. Passenger cars meeting the 
time headway of 5 s or more at all the three locations (i.e., 
meeting Condition A at all three locations) are tracked 
from T1 to T3 in the three synchronized video logs for 
Condition B. If the subject vehicle did not interact with 
any other vehicle within the study zone, it is considered 
to meet Condition B. Speed of such passenger cars are 
estimated at location T3 from the travel time of 15 m wide 
trap. The time stamps of passenger car’s front tires crossing 
the first and second lines of the trap are noted (see Figure 3 
for details). All cameras used in this study are set to record 
video at 25 frames/s. Hence, the maximum error possible 
in the time noted is 0.04 s. Present study uses Equation (1)  
for estimating speed of passenger cars. These speed data 
are recorded for further processing. The descriptive sta-
tistics of the recorded speed data for each site is shown 
in Table 2. It can be seen that the mean speed varies be-
tween 48 and 86 km/h. Whereas, the minimum and maxi-
mum observed speed are 27 and 123 km/h, respectively.  

Figure 2. Sketch of field data-collection setup

Figure 3. Passenger car tire touching the first and second line of trap length

t  = arrival time of car on start of trap1

End of trap

t  = arrival time of car on end of trap2

Start of trap

Observation station T

Observation station T

Observation station T 

  

Point of curvature 

 
1

2

3

of curveCentre



430 G. Sil et al. Operating speed prediction model as a tool for consistency based geometric design

The 85th percentile speed or operating speed used in de-
veloping and validating the speed prediction model varies 
between 56 and 96 km/h. 

2 1

15 3.6 ,V
t t
⋅

=
−

  (1)

where: V – passenger car speed [km/h]; t1 – time [s], when 
front tire touched first line of the trap; t2 – time [s], when 
front tire touched second line of the trap.

5. Effect of curve radius on operating speed

This study identifies the effect of curve radius on V85 of 
passenger car in the four-lane divided highways. For this, 
speed data of free flowing passenger car at the centre of 
circular curve (i.e., T3) is considered. Now, Figure 4 repre-
sents the V85 at the centre of the curve versus radius of the 
curve plot. This plot indicates that the V85 increases with 
increase in curve radius. It supports earlier findings that 
are based on two-lane highway data (Abdul-Mawjoud, So-

fia 2008; Fitzpatrick et al. 2000a; Collins et al. 1999). Gen-
erally, the speed dispersion for smaller radii is expected 
to be low. In Figure 4, relatively wider dispersion of data 
points at smaller radii may be due to higher number of 
smaller radii sites but limited number of larger radii sites. 
The other possibilities could be the variations in magni-
tude of different geometric parameters such as, preced-
ing tangent length, gradient and presence of preceding 
curve. Further, it is observed that the maximum V85 of 
passenger cars is about 95 km/h for curves with radius 
360 and 430 m. Though not conclusive due to sample size, 
this speed value is similar to the maximum vehicle speed 
reported by others (Krammes et al. 1995; Fitzpatrick, Col-
lins 2000).

6. Correlation analysis

One of the objectives of this study is to develop operat-
ing speed prediction model of passenger cars for four-lane 
divided highway. The effect of highway geometric parame-
ters on free-flow speed of vehicle is paramount. Hence, the 
present study considers longitudinal and cross sectional 
geometric features associated to a horizontal curve as the 
possible explanatory parameters for the V85 model develop-
ment. These possible explanatory parameters are radius R,  
curve length CL, gradient G, preceding tangent length 
PTL, shoulder width on the outer side SWO and shoulder 
width on the inner side SWI. All the selected sites have 
uniform carriageway width of 7 m. Hence, carriageway 
width is not considered as explanatory parameter in this 
study. Values of selected parameters are obtained from 
plan and profile drawings. The descriptive statistics of 
these geometric design features for the fifteen sites con-
sidered in model development are given in Table 3.

Table 2. Statistics of passenger car speed data

Model Site No Mean [km/h] Std. Dev. [km/h] V85 [km/h] Maximum [km/h] Minimum [km/h] Location

Development

1 55 5.63 61 71 45

NH-3

2 55 5.73 61 71 42
3 69 8.03 75 90 47
4 61 6.51 68 75 45
5 67 7.86 75 84 50
6 76 10.79 84 104 59
7 76 9.57 87 96 52
8 74 8.66 84 96 50
9 86 15.24 96 123 52

10 85 12.89 96 113 54
11 77 13.05 90 104 40
12 48 8.68 56 69 32

NH-40
13 58 9.95 69 73 27
14 51 7.75 58 71 32
15 53 10.9 63 82 31

Validation
16 80 9.58 90 104 47 NH-3
17 51 7.13 59 65 33

NH-40
18 54 8.38 63 68 32

Figure 4. Effect of curve radius on operating speed
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A Pearson correlation analysis has been carried out to 
find the co-linearity between R, CL, PTL, G, SWO and 
SWI. Table 4 represents the obtained results. The cor-
relation coefficients indicate that G is highly correlated 
with SWO However, the design guidelines consider these 
parameters as independent. Hence, all the explanatory 
parameters are used in developing the speed prediction 
model.

7. Development speed prediction model

Speed data of passenger cars are collected in good weath-
er and pavement conditions. These speed data of all sites 
are tested for normal distribution. A Shapiro–Wilk test 
at 95% confidence interval is conducted for this purpose. 
The test results revealed that the p-values for all sites are 
more than 0.05. Therefore, the speed data of all sites are 
normally distributed and can be used in developing the 
speed prediction model by regression analysis. For this, 
the V85 (i.e., 85th percentile speed) at centre of circular 
curve (i.e., at T3) and geometric features (i.e., R, CL, G, 
PTL, SWO and SWI) of the fifteen horizontal curves are 
considered as dependent and independent parameters, 
respectively. A step wise multiple linear regression analy-

sis at 95% confidence interval has been performed using 
statistical software SPSS (https://www.ibm.com/analyt-
ics/spss-statistics-software). The developed model and its 
corresponding R2-values are shown in Table 5. The high 
value of adjusted R2-value (0.81) indicates good fitness of 
the developed model. Further, the F-value of 30.91 and 
p-value less than 0.05 illustrate higher significance of the 
developed model. It can be observed that the speed pre-
diction model for centre of circular curve depends on 
horizontal curve radius R and preceding tangent length 
PTL. The p-values of R and PTL are less than 0.05. All 
other parameters (i.e., CL, G, SWO and SWI) have p-val-
ues higher than 0.05. Hence, R and PTL are considered as 
significant in developed model at 95% confidence interval. 
The coefficients of R and PTL indicate that the V85 of pas-
senger car at the centre of the curve is comparatively more 
sensitive to R. In this developed model, the predicted V85 
of passenger cars increases with PTL. Hence, increasing 
PTL leads to higher V85 at the centre of a sharp horizontal 
curve. It may increase the risk of vehicle run-off or over-
turning at this location. In other words, adopting longer 
preceding tangent for a sharp radius curve may not be 
safe. Probably, this is why the design guidelines explicitly 
advise against longer PTL for sharper horizontal curves.  

Table 3. Descriptive statistics of independent variables for model development

Variables R [m] CL [m] G [%] PTL [m] SWO [m] SWI [m]
Mean 194 165 –1 236 2 2
Std. Dev. 109 132 3 117 2 1
Maximum 430 523 5 500 4 3
Minimum 80 27 –5 80 0 0

Table 4. Pearson correlation analysis result

Pearson correlation

R CL G PTL SWO SWI
R 1 0.512 0.279 –0.104 –0.239 –0.224
CL 0.512 1 0.039 –0.012 –0.030 0.138
G 0.279 0.039 1 –0.270 –0.750* 0.269
PTL –0.104 –0.012 –0.270 1 0.513 –0.375
SWO –0.239 –0.030 –0.750* 0.513 1 –0.443
SWI –0.224 0.138 0.269 –0.375 –0.443 1

Note: *correlation is significant at the 0.01 level.

Table 5. Developed model details

Model 85 40.549 0.108 0.053CV R PTL= + ⋅ + ⋅

R2-value 0.84
Adjusted R2-value 0.81
F-value for model 30.91
p-value for model 0.00

Predictor variables R PTL CL G SWO SWI
p-value 0.00 0.00 0.12 0.18 0.78 0.20
Whether included in model yes yes no no no no

https://www.ibm.com/analytics/spss-statistics-software
https://www.ibm.com/analytics/spss-statistics-software
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However, shorter PTL for sharp horizontal curves may 
bring harmony in vehicle speed. Overall, the developed 
model has the capability of providing the required combi-
nations of R and PTL for harmony in passenger car speed. 
Further, it may help evaluating geometric designs for con-
sistency. However, the proposed model is applicable for 
R ≥ 80 m and PTL ≤ 500 m in good weather and pave-
ment conditions, and cross section details considered in 
site selection (see Section 3). 

8. Model validation

The remaining three sites (i.e., Sites No 16…18 in Table 2) 
are used for validating the developed V85 prediction mod-
el. Its geometric features are similar to the sites adopted 
for model development. The sites used for validation are 
from two different parts of the country. Hence, success-
ful validation of these sites would indicate usefulness of 
the model for various geographic locations. The details of 
the explanatory parameters (i.e., R and PTL) and observed 
versus predicted V85 for the sites used in validation are 
presented in Table 6. Comparison of predicted and ob-
served V85 in the Table 6, reveals the small deviation and 
acceptable validation of the model. However, parameters 
suggested in the methodology proposed by Esposito et al. 
(2011), Dell’Acqua et al. (2013b) and Russo et al. (2016), 
are also considered for statistical validation of the model 
and presented in following section. 

Mean absolute deviation MAD representing the sum-
mation of the absolute differences Di between observed 
and predicted V85 divided by the total number of study 
sites n. It indicates the variability of the predicted V85 
value and is represented as:

1
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n

==
∑
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Root mean squared error RMSE representing the 
square root of summation of 2

iD  divided by the total 
number of study sites n. It also indicates the variability of 
the predicted V85 value and is represented as:

2

1 .

n

i
i

D

RMSE
n

==
∑

  (3)

I-value representing RMSE divided by the mean pre-
dicted V85 value; this statistical indicator, calculated using 

Equation (4), suggests good prediction of the V85, if less 
than 0.2 (Esposito et al. 2011; Dell’Acqua et al. 2013): 
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The obtained MAD, RMSE and I values are 3.28, 3.35 
and 0.05, respectively. For the V85 prediction model vali-
dation, researchers have reported values of MAD rang-
ing from 4.44 to 15.00 and RMSE from 3.92 to 19.2 are 
satisfactory (Pérez-Zuriaga et al. 2010; Dell’Acqua, Russo 
2010, Esposito et al. 2011; Jacob, Anjaneyulu 2013). Lower 
MAD and RMSE values indicate lesser error between pre-
dicted and actual V85 values. In this case, the measured 
MAD and RMSE values are low and should be acceptable. 
However, these are absolute values, not normalized based 
on the predicted values. The I-value, on the other hand, 
normalizes the error based on the predicted values. In this 
case, the obtained I-value of 0.05 (i.e., less than 0.2) indi-
cates that the average error in the predicted V85 is about 
5% and may be considered as reasonable.

9. Application of the developed model

The developed speed prediction model indicates that the 
passenger car speed is proportional to circular curve ra-
dius R and preceding tangent length PTL. This model is 
developed based on passenger car speed and geometric 
features of National Highways in India. The minimum and 
ruling design speed of these highways for flat terrain var-
ies between 65 and 100 km/h (IRC: 73-1980). Analysis of 
passenger car speed data indicates that the expected maxi-
mum V85 of about 95 km/h is observed for curves with 
radius 360 and 430 m. Hence, various combinations of R 
and PTL that yields passenger car speed between 65 and 
95 km/h is presented in Figure 5. The solid line in the plot 
indicates the minimum radius requirement, estimated us-
ing dynamic equilibrium condition represented in Equa-
tion (5). In this, the limiting values of superelevation e  
(i.e., 7%) and side friction f (i.e., 0.15) are considered as 
recommended by Indian design guideline (IRC: 73-1980). 
The side friction value adopted is conservative for good 
pavement and weather conditions. Hence, in this situa-
tion, vehicles can safely travel at higher speed than the 
design speed of the highway. Overall, the solid line in Fig-
ure 5 restricts the radius for safe and conservative design. 
Therefore, designers can use this plot as a nomogram to 
come up with the combinations of horizontal curve radius 
and minimum preceding tangent length for the expected 
V85 of passenger cars. 

2
,

127
Ve f

R
+ =

⋅
  (5) 

where: R – radius [m]; V – design speed [km/h]; e – su-
perelevation [%]; f – coefficient of side friction.

Table 6. Details of explanatory parameters used and observed 
vs predicted V85 in validation 

Parameters
Site No

16 17 18
R [m] 99 150 280
PTL [m] 70 55 316
Observed V85 [km/h] 59 63 90
Predicted V85 [km/h] 55 60 88
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The developed model can be used for geometric de-
sign consistency evaluation and for developing consistent 
geometric design. The speed based geometric design con-
sistency criteria proposed by Lamm et al. (1998) can be 
used for this purpose. According to this criteria, less than 
10 km/h difference between design Vd and V85 is rated as 
good, from 10 to 20 km/h as fair and more than 20 km/h 
as poor. A nomogram for the speed based geometric de-
sign consistency evaluation is presented in Figure 6. In this 
figure, the inclined solid line represents the minimum de-
sign speed corresponding to the absolute minimum curve 
radius. This is estimated using dynamic equilibrium con-
dition represented in Equation (5). The superelevation e  
and coefficient of side friction f are considered as 0.07 and 
0.15, respectively (IRC: 73-1980). The other inclined lines 
represent the estimated V85 for various combinations of 
R and PTL. The dotted lines parallel to x-axis indicates 
the design speed of a facility. This nomogram is applica-
ble for design speed ranging between 70 and 100 km/h. 
For a given combination of R and PTL, the expected V85 
can be found from the inclined contour lines. It can be 
easily compared with the design speed represented by the 

horizontal lines and rated accordingly. For example, 300 m 
radius with 250 m PTL would yield V85 of 86 km/h. If the 
highway is designed for 80 or 90 km/h speed, the absolute 
difference between design and V85 for this combination 
would remain within 10  km/h. Therefore, the highway 
segment with this combination can be rated as good for 
the design speed of 80 or 90 km/h.

Now, the nomogram in Figure 6 can also be used for 
consistency based geometric design. It would help in de-
ciding appropriate combination of horizontal curve radius 
and preceding tangent length. For designs rated as good, 
a designer considers V85 within 10 km/h of the design 
speed. So, for design speed of Vd [km/h], the V85 can vary 
between Vd ± 10 km/h, and the horizontal curve should 
meet the absolute minimum radius required for the design 
speed. The area in the nomogram representing these crite-
ria can be used in the consistency based geometric design. 
Therefore, for the design speed of 80 km/h, the minimum 
radius required is 230 m and acceptable minimum and 
maximum V85 is 70 and 90 km/h, respectively. The vertical 
line from “a” in Figure 6 represents the minimum radius 
for the design speed. Any radius selected for R and PTL 

Figure 5. Nomogram for horizontal curve design

Figure 6. Nomogram for geometric design consistency evaluation
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combinations should be equal to or greater than the mini-
mum radius for the design speed. The point “b” and “c” 
are the extreme combinations of R and PTL that meet the 
minimum radius for the design speed and the acceptable 
minimum V85 (i.e., 70 km/h). Similarly, the point “d” and 
“e” represents the two extreme combinations of R and PTL 
for the acceptable maximum V85 (i.e., 90 km/h). Hence, 
the zone within “a → b → c→ d → e” in Figure 6 represents 
the feasible combinations of R and PTL for good geomet-
ric design consistency. A designer can use this informa-
tion to develop the horizontal curve.

Conclusions

This study presents free flow speed data collection meth-
odology for four-lane divided highway in which the sub-
ject vehicle can be influenced by its lead vehicles. For this, 
subject vehicle and vehicles in the adjacent lane or space 
are monitored in the video logs. The speed of subject ve-
hicle is also obtained from the video logs and is used in 
developing the V85 prediction model of passenger cars for 
four-lane divided horizontal curves. Only two geometric 
features (radius and preceding tangent length) are found 
to be significant for the V85 of passenger cars at the cen-
tre of circular curve. The developed model indicates that 
longer PTL for a sharp curve should be avoided. This find-
ing is in conformation with guidelines recommended by 
various highway geometric design manuals. 

It is observed that the V85 of passenger car remains 
about 95 km/h for horizontal curves with radius 360 and 
430 m. Though this observation concurs with earlier re-
search outcome on two-lane highway facilities (Krammes 
et  al. 1995; Fitzpatrick, Collins 2000; Jacob, Anjaneyulu 
2013), additional study at statistically significant number 
of locations representing four-lane divided highway facili-
ties is required for any conclusive inference. Further, the 
vehicle speed data indicates that horizontal curve radius 
of 360 m or below affect V85 of passenger car. The devel-
oped model is successfully validated with data from two 
different parts of the country. It ensures portability of the 
developed model. However, the proposed model is appli-
cable for good weather and pavement conditions. Also, 
the model is valid only for the cross-section and other 
conditions considered in site selection. Further, a nomo-
gram is prepared in this paper that can be used to come 
up with appropriate combination of radius and preceding 
tangent length for targeted V85 of passenger cars. Also, a 
consistency evaluation nomogram has been proposed to 
identify possible combinations of R and PTL for safe and 
consistent design. 

The developed model is for passenger cars. Develop-
ment of similar models for other vehicle types is essential 
for overall consistency evaluation and can be considered 
as future research scope. However, this model can be used 
for geometric design consistency evaluation for passen-
ger cars. The effects of other vehicles, weather conditions, 
pavement conditions, etc. are not taken into account. Also, 
the model is valid for flat terrain. Further studies are need-
ed to incorporate these shortcomings.
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