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ABSTRACT 
This paper presents an application of reliability analysis for evaluating the risk associated with 
passing sight distance standards in terms of expected probability of noncompliance. 

The calculation of passing sight distance (PSD) is required to determine where drivers 
can safely execute passing maneuvers. Traditional PSD standards are based on deterministic, 
theoretical models, which are calibrated using conservative percentiles values for uncertain design 
inputs to account for uncertainty. They do not provide information about the risk of deviating 
from them. Reliability analysis is a technique based on limit state design that accounts for the 
propagation of variability from input random parameters to the design outputs.  

A total of 1,098 passing maneuvers were observed on several two-lane highways in Spain, 
using two different data collection methodologies: external observations and instrumented 
vehicle. The most significant factors affecting PSD were: impeding vehicle speed, passing vehicle 
acceleration, and headways between impeding and passing vehicles. A uniform acceleration 
model described passing vehicle trajectory. The characterized input parameters and the passing 
model were used to perform a reliability analysis. The results showed the probability of 
noncompliance in different scenarios, defined as the proportion of cases where the required PSD 
would exceed the available sight distance.  

American and Spanish PSD standards were evaluated. Geometric design standards 
presented a probability of noncompliance of about 0.15, while some of the marking standards had 
probability of noncompliance exceeding 0.85. These standards may be associated with higher risk 
levels if they were followed by drivers. As well, PSD risk levels were not consistent for different 
design speeds, since they underestimate operating speed at some locations.  
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INTRODUCTION 
Several researchers have noted that existing design guides provide a deterministic approach for 
design requirements, using conservative percentile values for uncertain design inputs to 
account for uncertainty. These conservative percentile values are not based on safety leading to 
designs with unknown safety levels (1, 2). One example of the shortcomings of the deterministic 
approach can be found in the case of existing guidelines for the required passing sight distance 
(PSD). Passing sight distance is the sight distance required to pass safely a slower vehicle, 
considering an oncoming vehicle approaching on the opposing lane.  The existence of a certain 
proportion of road length with sufficient PSD is necessary to determine the location of passing 
zones. Passing maneuvers in these zones contribute to increase level of service, as faster vehicles 
can travel at their own desired speeds without suffering delays.  

Passing sight distance depends on many parameters, such as the speeds of the impeding 
vehicle and the opposing vehicle, as well as the acceleration of the passing vehicle. The 
knowledge about these parameters is imperfect, since they are stochastic and show a high 
variability among drivers, traffic conditions or geographical locations. The problem of using the 
traditional approach, based on the selection of conservative percentiles, is that it may result in the 
definition of potentially too conservative design standards. As well, the deterministic approach 
provides no information of the consequences of a deviation from the PSD design standards.  

An alternative approach to account for uncertainty in the geometric design process is 
reliability analysis. This approach is based on the limit state design procedure, used frequently in 
structural engineering. This approach accounts the variability of design parameters, considering 
them as stochastic variables defined by their probability distributions rather than single values. In 
this approach, the system is considered to fail when the demand exceeds the supply.  

Previous studies have analyzed risk levels of road design standards using reliability 
analysis. In most cases, limit state functions were based on the guideline models, such as stopping 
sight distance models (1,3).  

This paper deals with the use of reliability analysis to evaluate passing sight distance 
standards. The main elements of the paper are first, the formulation of a limit state function to 
evaluate passing sight distance based on experimental observation of passing maneuvers on two-
lane rural roads, and second, the characterization of input variables from observational data.  
 
PREVIOUS WORK 

Passing sight distance 
The use of PSD criteria in the design stage is required mainly to ensure a minimum percentage of 
road length having sufficient passing sight distance. On the other hand, in the operation stage, 
PSD marking criteria are used to determine where passing and no-passing zones are established.  
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 Table 1 provides PSD geometric design and marking standards for the US and Spain. 
Generally, the values from Table 1 come from deterministic approaches, where safety risk has 
not been taken into account and conservative percentiles of variables have been selected.  

The previous US AASHTO PSD criterion (6) used an empirical model where passing 
sight distance was equal to the sum of four components. PSD included the whole distance traveled 
by the passing vehicle from the initial decision to pass as well as the distance travelled by the 
opposing vehicle. The current US PSD geometric design standard (5) is the same as the  marking 
standard provided by MUTCD (8) based on research work of  Harwood et al. (9).  These studies 
adapted MUTCD PSD values also for the design criterion. This was also supported on previous 
analytical PSD models (10-12) which represented the passing sight distance required to complete 
the maneuver starting at the critical position.  
Spanish geometric design and marking criteria (4) were based on analytical models of the 
maneuver, although no information about the model assumptions and input parameters is 
provided in the guidelines.  
 

Reliability analysis 
The variability observed in standard PSD values was also found in research studies. Previous 
research work have collected data of passing maneuver under naturalistic conditions, in order to 
compare the existing standards with the observed behavior or to analyze other factors involved in 
the passing process. Recently, some studies have recorded passing maneuvers from external 
positions (13,14) as well as from instrumented vehicles (15,16). Some of these observations 
showed that existing design criteria, such as the US previous AASHTO standard could be too 
conservative. The high dispersion in all previous work suggested that the passing process presents 
a high variability, related to geometric, behavioral or geographical factors.  An alternative 
approach to account for this variability is the use of reliability analysis to analyze and formulate 
design standards. 

There have been several studies using reliability analysis in road design to evaluate the 
probability of collision at railway crossings (17), sight distance limitations (3,18,19), traffic signal 
timing and intersection sight distance (20-22). Ismail and Sayed (1,2) defined a framework for 
calibrating crest curves design standards. Ibrahim and Sayed (23) established a link between the 
reliability index and collision frequency in horizontal curves, showing that probability of 
noncompliance had a significant effect on safety performance function.  

In particular, there have been only few applications of reliability analysis to the study of 
passing maneuver. El Khoury and Hobeika (24,25) proposed a probabilistic approach to evaluate 
risk index of AASHTO (6) and MUTCD (8) PSD design and marking standards. These studies 
used a deterministic model (10) but they incorporated probability distributions for each input 
variable. The model was applied to a single case using a Monte Carlo simulation to estimate the 
risk level of each PSD value. El-Bassiouni and Sayed (26) evaluated risk of the AASHTO (6) 
design standards. A 20 driver driving simulator experiment was used to calibrate the AASHTO 
passing maneuver model. This study concluded that the previous AASHTO standard had a 
probability of noncompliance of 18.7% at the design speed of 100 km/h.  

Those studies have not been based on actual field passing maneuver observations, neither 
to characterize the input parameters nor to verify passing model assumptions. They used 
probabilistic distributions of input parameters based on a literature review or on a driving 
simulator experiment, so the validity of results could be limited.  
 
OBJECTIVES 
The main goal of this study is the evaluation of the risk levels of passing sight distance design 
and marking criteria using reliability analysis based on experimental data. The specific objectives 
are:  
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 Formulation of a limit-state function for passing maneuver by modeling observational 
data. 

 Statistical characterization of input variables.  
 Reliability analysis of passing maneuver at the selected scenarios. 
 Evaluation of existing PSD criteria. 
 A procedure to obtain PSD design criteria from a risk-based approach. 

 
METHODOLOGY 

Data collection 
The main contribution of this study was the characterization of the performance function and their 
input parameters from observational data. Data collection has been based on video recording of 
passing maneuvers under naturalistic conditions, which minimizes the influence of observers. 
Two methodologies have been used to record passing maneuvers (14,16).  

The first methodology (static) consisted of video recordings from external fixed positions. 
Data was collected in 20 passing zones located in 10 two-lane rural highways segments in the 
surroundings of Valencia (Spain). The mobile traffic laboratory of the Universitat Politècnica de 
València (Spain) has six surveillance digital video cameras installed on the top of an elevator 
platform.  Zoom and focus of the cameras were adjusted on site to collect video images of entire 
passing zones with uniform quality (Figure 1a). A total of 648 maneuvers were recorded in 20 
passing zones. In 120 maneuvers, the speeds of impeding vehicles were characterized extracting 
their trajectory from video data.  In the same locations, the speed of 450 vehicles in free-flow 
conditions was measured either from video data or with a LTI T100/T200 laser speed sensor.   

The second methodology (dynamic) was based on an instrumented vehicle, which was 
driven along various road segments, which included passing zones observed with the first method. 
The objective was for other vehicles to pass the instrumented vehicle, collecting data of these 
maneuvers and the entire following process (Figure1b). The instrumented vehicle was equipped 
with four 720x576 pixels resolution cameras, covering rear, left side and front of the vehicle, and 
connected to a Racelogic VBOX recording unit, as well as with a high definition mini-camera 
covering rear part. Two LTI True Sense S200 laser rangefinders were installed to measure 
headways between vehicles behind and in front of it. Accuracy of the distance measurement was 
4 cm. Measuring systems are very small and are installed inside the car (cameras and recording 
units) or in front and rear bumpers (rangefinders).  A 10 Hz GPS tracker registered the position 
and speed of the vehicle. Instrumented vehicle speed was selected thanks to the observations of 
the static methodology, which had been previously carried out. This speed was around the 15th 
percentile of speed of impeding vehicles at this location, neither too fast nor too slow, balancing 
a realistic behavior and a high sample size. No unexpected maneuvers of drivers who follow the 
instrumented vehicle were observed, such as following without pass or with longer headways. 

The instrumented vehicle data provided an accurate characterization of 450 passing 
vehicle trajectories. They were observed in 8 two-lane highway segments in the surroundings of 
Valencia (Spain). A homogeneous sample of 150 maneuvers was selected to characterize the 
passing vehicle trajectory. This sub-sample included simple maneuvers (only one impeding 
vehicle) performed by light vehicles (a passenger car or van). Using a combination of video, GPS 
and laser rangefinder data, following variables were measured (Figure 2):  

 Starting time of passing maneuver: t1 
 Abreast position time: t2 
 Ending time of passing maneuver: t3 
 Crossing time between opposing and passing vehicle: t4  
 Headways at the start h(t1) and end h(t3) of passing maneuver.  
 Speed of impeding vehicle: Vi 
 Speed of passing vehicle at the start of the passing maneuver Vp(t1) and at the end Vp(t3) 
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The length of passing and impeding vehicle Li and Lp were obtained after identifying its 

brand and model. The selection of the previous variables followed previous research studies (9-
15). These variables provided information about passing duration, passing speeds and distance 
traveled during passing. These are components of PSD. Table 2 presents the fundamental statistics 
of the observed and analyzed data.  
 

Reliability theory 
Reliability theory provides the analytical tools for accounting for variability of input parameters 
throughout the design process. The main target of reliability analysis is to determine the 
probability that a design element (the available sight distance, ASD) is within acceptable limits 
(the required passing sight distance, PSD).  

The probability of failure is adopted as an indicator in several civil engineering 
disciplines. However, according to Ismail and Sayed (1), the term probability of noncompliance 
(Pnc) is more appropriate for road safety applications, since there is not any physical failure in 
those systems.  

The reliability analysis is based on a performance function G(X), where X is a N-
dimensional vector of input parameters X= x1, x2,…,xn. The performance function is defined such 
that it is positive for favorable system conditions. It is commonly written in terms of supply R and 
demand S (Equation 1). Therefore, if demand exceeds supply the function is negative and the 
system failure is produced. 
 
ሺܺሻܩ 	ൌ 	ܴሺܺሻ	– 	ܵሺܺሻ (1) 
 

In highway geometric design, the supply term is the provision of safe and comfortable 
driving conditions, such as available sight distance. On the other hand, demand depends on driver 
or vehicle requirements, such as stopping sight distance or passing sight distance. Randomness of 
the performance function is characterized by their probability density function f(x). Equation 2 
gives the probability of noncompliance of the system.  
 

ܲ݊ܿ	 ൌ 	ܲ	ሺܩ ൏ 0ሻ 	ൌ ׬	 ݂ሺݔሻ݀ீݔሺ௑ሻழ଴  (2) 

 
The integral in equation 2 can be solved by numerical or analytical methods. Numerical 

methods are based on Monte Carlo simulation. This method starts with the generation of n-
dimensional random vectors according to the normal probability function, which are transformed 
to the input parameter distributions in order to evaluate the performance function G(X). 
Probability of noncompliance is the proportion of negative G(X) cases of the total number of 
cases.  

On the other hand, analytical analyses are based on different approximations of the 
performance function. First order second moment reliability method (FOSM) is based on the first-
order Taylor expansion of the performance function at the mean values of the design inputs. First 
order reliability method (FORM) is based on the same first-order expansion but performed at the 
design point, so that non-normal input variables can be considered. The objective of the FORM 
method is the finding of the design point where function G(X) is equal to zero. Highly nonlinear 
performance functions need to be solved using second order reliability methods (SORM), 
although this method is seldom needed in road safety applications (1). This study used FORM 
method, although some cases were solved using Monte Carlo simulation, for comparison 
purposes.  
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The Performance function 
The limit state function (or performance function) of equation 3, was formulated as the difference 
between the system supply and the system demand, according to the reliability theory. In this 
case, the supply term was the available sight distance at a specific location (ASD), provided by 
road geometry. The demand was the required distance to complete a passing maneuver (PSD).  
 
ܩ ൌ –	ܦܵܣ	  (3) ܦܵܲ	
 

For this analysis, the supply term ASD was selected as a constant depending on each 
analysis scenario. This facilitate the application of resulting PSD standards to ASD profiles 
obtained in reality. This ASD profiles may account not only for specific geometric elements (such 
as vertical or horizontal curves) but also for any type of sight distance obstruction. Analysis 
scenarios considered a wide range of ASD values (from 200 to 1100 m), which represented the 
majority of values measured in the data collection sites. On the other hand, the demand component 
was calculated as a function of the parameters which had a significant influence on PSD, 
according to the calibrated model. 
 

PSD model 
According to its definition, passing sight distance is the sum of three components, as shown in 
equation 4.  
 
ܦܵܲ ൌ ݀13ሺ݃݊݅ݏݏܽ݌ሻ ൅ ݀13ሺ݃݊݅ݏ݋݌݌݋ሻ ൅ ݀34ሺݕݐ݂݁ܽݏ	݊݅݃ݎܽ݉ሻ (4) 
 

The first component is equal to the distance traveled by the passing vehicle on the left 
lane. The distance d13(passing), as well as the required time t3-t1 were calculated using a uniform 
acceleration model. According to this, passing vehicle accelerates with a uniform rate during the 
entire left lane occupation time.  

This model was selected among a variety of assumptions in the literature, such as uniform 
speed (6), or uniform speed from critical point (10,11). Alternative models were also evaluated, 
such as acceleration linear functions of time or speed. The model was calibrated using the 
instrumented vehicle data. The calibration consisted in minimizing the square error between the 
estimated and the observed value of the following variables, for each individual maneuver:  

 distance travelled during the entire passing maneuver d13 (passing), in t3-t1 (m) 
 distance travelled until the abreast position: d12(passing), in t2-t1 (m) 
 initial speed Vp(t1) (m/s) 
 final speed Vp(t3) (m/s) 

  
The results of the acceleration model calibration showed that the root mean square error 

of the previous four variables was under 6% of their means. This model balanced low error 
(compared to uniform speed, with root mean square errors up to 13%) and model simplicity 
(compared to uniform speed form critical point model).  

The second component of passing sight distance d13(opposing) was assumed to be a 
uniform movement of opposing vehicle during passing time, and the third component d34(safety) 
was calculated as the sum of distances travelled at uniform speed by the passing and the opposing 
vehicle during a critical safety margin. Equations 5 to 8 were used to calculate the components of 
PSD.  
 

3ݐ െ 1ݐ ൌ
െ൫ ௣ܸሺ1ݐሻ െ ௜ܸ൯ ൅ ට൫ ௣ܸሺ1ݐሻ െ ௜ܸ൯

ଶ
൅ 2ܽ൫ܮ௜ ൅ ௣ܮ ൅ ݄ሺ1ݐሻ ൅ ݄ሺ3ݐሻ൯

ܽ
 

(5) 
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݀13	ሺ݃݊݅ݏݏܽ݌ሻ ൌ ௣ܸሺ1ݐሻ ∙ ሺ1 െ ሻߙ ∙ ሺ3ݐ െ 1ሻݐ ൅
1
2
ܽ ∙ ሺ3ݐ െ 1ሻଶݐ ∙ ሺ1 െ  ଶሻߙ

(6) 

݀13	ሺ݃݊݅ݏ݋݌݌݋ሻ ൌ ݋ܸ ∙ ሺ1 െ ሻߙ ∙ ሺ3ݐ െ 1ሻݐ (7) 

݀34	ሺsafety	marginሻ ൌ ሺ4ݐ െ 3ሻ௖௥௜௧௜௖௔௟ݐ ∙ ሺܸ݋ ൅ 3ሻሻݐሺ݌ܸ (8) 

where: 
 Vp(t1):initial passing vehicle speed (m/s) 
 Vi: impeding vehicle speed (m/s) 
 a: acceleration rate (m/s2) 
 Li and Lp: length of impeding and passing vehicles (m) 
 h(t1) and h(t3): headway impeding-passing vehicle at t1 and t3 (m) 
 α: proportion of passing time at the analysis point 
 Vo: opposing vehicle speed (m/s) 
 (t4-t3)critical: time between end of passing maneuver and crossing with the opposing 

vehicle (s) 
 Vp(t3): final passing vehicle speed, equal to ܸ݌ሺ1ݐሻ 	൅ 	ܽ ∙ ሺ3ݐ െ  1ሻ (m/s)ݐ

 
Since the required PSD decreases during the maneuver progress (from its maximum at 

the starting time until zero when it ends), the parameter α was included. It is defined as the 
proportion of left lane occupation time t3-t1 at the analysis point. The start of a passing maneuver 
corresponded to α=0 (as passing has not yet started), while the critical point was assumed at α=0.5. 
A value of α=1would mean that the maneuver is already completed. The assumption of critical 
point at α=0.5 was similar to other models (10,11), and was necessary since the observation of 
aborted maneuvers was very unusual (observed 3 aborted and 1,098 completed).  
 

Input Parameters 
The speeds of both impeding and opposing vehicle were obtained from static observations. The 
opposing vehicle speed was assumed to be equal to the free-flow operating speed because 
opposing vehicles drive in this condition. The speeds came from a normal distribution, at the 95% 
confidence level (Chi-square test) and were different for each design speed level.  

Average vehicle lengths from a previous study (14) were assigned to each vehicle 
category to obtain the lengths distribution. The analysis considered both heavy and light impeding 
vehicles, but only light passing vehicles, according to observations. 

Table 3 shows the PSD model parameters. Distribution fitting was significant at the 95% 
confidence level according to Chi-Square tests.  

The safety margin, or clearance time, was estimated from instrumented vehicle collected 
data. However, experimental data provided only the time between the end of passing maneuver 
and the crossing with the next opposing vehicle, named previously t4-t3. This time should not be 
identified with the critical safety margin since it includes many different situations, including both 
forced and not forced passing maneuvers. In consequence, their distribution include very high 
values which are not reflecting the critical value necessary to estimate a minimum PSD 
requirement. Based on the agreement found on previous research on passing maneuver (9-11), a 
critical value of 1 second is recommended. This value was chosen also since it is low percentile 
of a 160-maneuvers sub-sample of observed t4-t3, ranging between 0.8 and 20.0 s. In this case, 
the use of a statistical distribution was discarded, because it would have caused the existence of 
negative (i.e. with normal distribution) or very small values (i.e. with lognormal), which are not 
realistic.   
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After the individual characterization of passing variables, a statistical analysis was done 
to analyze possible correlations among the previously defined variables. Correlation coefficients 
were under 0.4, and consequently, they were not included in the analysis.  
 
ANALYSIS AND RESULTS 
In this study, first-order reliability method (FORM) has been used, since most of the input 
variables do not follow a normal distribution and the design model is nonlinear. However, to 
verify the adequacy of FORM method, it was compared with Monte Carlo simulation. Sampling 
analysis does not make any linearization of the performance function. Therefore, if significant 
differences were found between sampling and FORM analysis, the linear expansion of the 
performance made by the FORM method would not be valid.   

The Monte Carlo sampling analysis was performed in a part of analysis scenarios: design 
speed equal to 100 km/h and different ASD and impeding vehicle types. A 2% target coefficient 
of variation of the probability of noncompliance was reached in less than 100000 samples. Results 
of FORM and Montecarlo analyses were compared. The results were very similar (85% of cases 
with differences under 5% in the probability of noncompliance and 60% under 1%). This can 
support the FORM linear approximation around the design point. This conclusion is similar to 
other studies, which applied FORM analysis to similar reliability problems (1,26). 
 In order to compare and review the different existing PSD criteria, different scenarios 
have been analyzed. The selection of different analysis conditions covered the whole range of 
situations where data was collected as well as where existing PSD standards can be applied. As a 
result, a total of 4 design speeds (from 60 to 120 km/h), 10 available sight distances (from 200 to 
1100), 2 types of impeding vehicle (heavy and light vehicles) and 2 positions in the passing 
maneuver (α=0 – start and to α=0.5 – critical position) have been analyzed.  

As shown in Figure 3, Pnc increases with higher design speeds, given a fixed sight distance 
(ASD). On the other hand, Pnc decreased when available sight distance (ASD) increased, since 
longer available sight distances are associated with safer conditions. Between 300 and 700 m 
ASD, probability of noncompliance decreased faster, so any variation of ASD lead to a significant 
decrease in Pnc. If the impeding vehicle was a heavy vehicle the probability of noncompliance 
was higher, due to the difference in length.  

In FORM analysis, importance vectors are intended to reveal the relative importance of 
input parameters. The Alpha-vector is an importance vector for input random variables. The 
higher the absolute value of its components alphai, the more important random variable i is. The 
results showed that the variables with a higher influence on the value of the probability of 
noncompliance were the acceleration and initial speed of passing vehicle, as well as the headway 
h(t3) at the end of the maneuver.  
 

PSD standards risk evaluation 
The reliability analysis has been applied to all of the selected scenarios, in order to provide a risk 
measure of different PSD standards. Risk has been characterized by the value of the Pnc. The 
higher the Pnc, the higher the potential risk drivers should expect if they followed the standard. It 
should be noted that data was collected at different locations in Spain. Therefore, the comparison 
with US standards should be considered with caution, as US criteria were never applied on the 
observed roads.    

Reference speed of each PSD standard was either the design speed (Vd) or the 85th 
percentile of operating speed (V85) at the observed locations.  

Figure 4a represents the probability of noncompliance of different US and Spain existing 
design and marking criteria. These standards are based in the PSD at the starting point of a passing 
maneuver.    
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Figure 4b shows the probability of noncompliance of the criteria based in the required 
PSD at the critical point. This is the case of the current AASHTO design standard (5), as well as 
the equivalent MUTCD (8) and the Spanish marking standard (7) used to establish the end of 
passing zones.   

There are significant differences among different PSD standards, as well as different 
design and operating speeds. Generally, design criteria had a lower Pnc, especially at design speeds 
over 90km/h (corresponding to 85th percentiles of operating speeds over 110 km/h).  

Although current AASHTO and MUTCD criteria use the same passing maneuver model, 
they provided different results since they are applied using design and operating speed, 
respectively. Operating speed-based standards showed a lower probability of noncompliance. 
Generally, the use of 85th percentile of operating speed determines a more consistent risk level 
(the same risk at different speeds). The reason is that design speed usually underestimates the 
operating speed, especially at lower design speed segments which have long tangent sections 
where passing is permitted. 

On the other hand, Spanish marking standard (8.2 IC) showed the higher probability of 
noncompliance, either at starting of passing maneuver or at the critical point.  This may be 
associated with a high-risk level if drivers followed the standard. However, a more common 
consequence is that drivers do not pass other vehicles where available sight distance is close to 
the standard requirement.  
 

Framework for new PSD standards 
The objective of this section is not to determine a new PSD criteria (since it would require a more 
extensive data collection including crash data, as well construction or accident-related costs). A 
procedure to formulate PSD standards based on reliability analysis would have the following 
steps:  

1. Selection of a target probability of noncompliance (Pnc). In this case, 5% and 15% were 
chosen for demonstration, in order to provide a guideline on how to address the PSD 
standard formulation.  

2. Selection of an operating speed, either measured (for existing roads) or estimated (for 
new roads, based on estimation models (27)). The use of design speed should be avoided, 
because it may underestimate operating speed on longer tangents. The reason of this is 
that design speed is taken from the minimum horizontal curve radii (or vertical curve 
curvature rate), which does not reproduce the speed on long tangents where passing zones 
are located. Moreover, speed limit does not estimate adequately the operating speed of 
vehicles in long sections, as measured in the data collection.  

3. Selection of the required PSD based on reliability analysis results (Figure 4). The 
application of the 5% and 15% Pnc levels to different operating speeds is shown in Figure 
5.  

 
The solid lines in Figure 5a show the values of required PSD at the starting point of the 

maneuver, determined from Figure 4a. They indicate the starting point of the passing zone (where 
ASD exceeds that PSD). If these standards were used to determine the end of the passing zone, 
they would be very conservative, since no left lane occupation is permitted after this point, 
according to most international driving regulations.  

In contrast, the dashed lines in Figure 5a show the sight distance necessary to start a no-
passing zone (they were obtained from Figure 4b). This approach less conservative but still safe, 
since there is a buffer area where drivers can complete the maneuver safely but not legally. In 
addition, the length of passing zones should be, at least, the distance traveled on left lane by 
passing vehicle. This distance (shown in Figure 5b) has been calculated from equation 6, using 
the same model that in the reliability analysis. The input parameters vector X at the point where 
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G(X)=0 was used. Those values provided the d13 value, which was consistent with the selected 
probability of noncompliance.  

It should be noted that in Figure 5, only light impeding vehicles were considered. Finally, 
there is not any reason to use different standards for geometric design and marking. The adequacy 
of these standards to each location would depend on the quality of both sight distance and 
operating speed accuracy, on either the design or the operation phase. 
 
CONCLUSIONS 
This study developed a reliability analysis on passing sight distance, based on observation of 
maneuvers in a sample of Spanish two-lane roads. The application of this tool to the evaluation 
of passing sight distance may account for existing variability and for the risk of deviating from 
design and marking standards. Although previous work (24-26) have already performed reliability 
analyses for this application, input parameters were not characterized from real data. 

The main methodological conclusions of this paper are as follows:  
1. Observation of 1,098 passing maneuvers in two-lane rural roads in Spain using two recently 

developed methodologies.  
2. Calibration of a model to describe passing vehicle trajectory on the opposing lane, based on 

field data. Characterization of input parameters by their statistical distributions.  
3. Formulation of a performance function based on observational data.  
4. Reliability analysis at different scenarios: design speeds from 60 to 120 km/h and available 

sight distances from 200 to 1100 m.  
 

This method was applied to estimate the risk level (in terms of probability of 
noncompliance) of Spanish geometric design and marking standards. The results of this analysis 
were: 
1. The current Spanish design standard showed relatively low probability of noncompliance 

(between  0.15 and 0.30). 
2. The Spanish marking standards had a higher probability of noncompliance (over 0.85 at lower 

design speeds).  
3. Generally, standards did not present consistent levels of probabilities of noncompliance 

among different speeds. They show higher risk level at low design speed. The reason of this 
may be related to the inaccurate estimation of operating speed by design speed, especially at 
locations with lower design speeds. 

4. Consequently, marking standards might be associated with risky situations if drivers followed 
them. On the other hand, design standard might be conservative, since the expected 
probability of noncompliance was 0.15 at high design speeds.  

 
As a result, a consistent risk-based approach for PSD standards was developed. This 

approach starts with the selection of a target probability of noncompliance. The estimation or 
measurement of input parameters at a specific location (such as operating speed and impeding 
vehicle length and speed) is used to estimate the required PSD that satisfies the target probability 
of noncompliance. Therefore, uniform risk levels may be expected at every location.  

Further work is needed in order to establish a link between the probabilities of 
noncompliance, and other safety measures, such as crash data or traffic conflicts. This will be 
necessary to determine the most adequate values of the target probability of noncompliance, in 
order to develop reliable risk-based standards.  
 
ACKNOWLEDGMENTS 
This paper has been developed as a result of a mobility stay at the University of British Columbia 
(UBC) funded by the Erasmus Mundus Program of the European Commission under the 
Transatlantic Partnership for Excellence in Engineering – TEE Project. 



Llorca et al., 2014 

12 
 

The authors would like to thank Spanish Ministry of Economy and Competitiveness that 
subsidizes the research project with reference code TRA2010-21736, and Spanish General 
Directorate of Traffic, Spanish Ministry of Public Works, Valencia Regional Department of 
Transport and Valencia Province Road Department, for their collaboration during the field study.  

 
REFERENCES 

1. Ismail, K., Sayed, T., 2009. A risk-based framework for accommodating uncertainty in 
highway geometric design. Canadian Journal of Civil Engineering, Vol. 36, No. 5, 2009, 
pp. 743-753 

2. Ismail, K., and Sayed, T. Risk-based Highway Design: Case Studies from British 
Columbia, Canada. Transportation Research Record: Journal of the Transportation 
Research Board Vol 2195, 2010, pp. 3-13 

3. Richl, L. and Sayed, T. Evaluating the safety risk of narrow medians using reliability 
analysis. Journal of Transportation Engineering, Vol. 132, No. 5, 2006, pp. 366–375 

4. Ministery of Public Works, Spain. Instrucción de Carreteras 3.1 IC "Trazado",  2000 
5. American Association of State Highway and Transportation Officials, A Policy on 

Geometric Design of Highways and Streets, Fifth Edition, Washington, DC, 2001  
6. American Association of State Highway and Transportation Officials, A Policy on 

Geometric Design of Highways and Streets, Sixth Edition, Washington, DC, 2011  
7. Ministery of Public Works, Spain, Instrucción de Carreteras 8.2 IC "Marcas viales", 1987 
8. Federal Highway Administration, US, Manual on Uniform Traffic Control Devices for 

Streets and Higways, 2003 
9. Harwood, D. W., Gilmore, D.  and Richard, K., Passing Sight Distance Criteria for 

Roadway Design and Marking, Transportation Research Record: Journal of the 
Transportation Research Board, Vol. 2195, 2010, pp 36-46 

10. Glennon, J. New and improved model of passing sight distance, Transportation Research 
Record: Journal of the Transportation Research Board, Vol. 1195, 1988, pp. 55-69 

11. Hassan, Y., El Halim, A. and Easa, S.M., Passing sight distance on two-lane highways: 
review and revision, Transportation Research. Part A, Vol. 30, No. 6, 1996, pp. 453-467 

12. Wang, Y. and Cartmell, M., New Model for Passing Sight Distance on Two-Lane 
Highways, Journal of Transportation Engineering, Vol. 124, 1998, p. 536  

13. Polus, A., Livneh, M. and Frischer, B., Evaluation of the passing process on two-lane 
rural highways, Transportation Research Record: Journal of the Transportation 
Research Board, Vol. 1701, 2000, p. 53 

14. Llorca, C and García, A., Evaluation of Passing Process on Two-lane Rural Roads in 
Spain using a New Methodology Based on Video Data, Transportation Research Record: 
Journal of the Transportation Research Board, Vol. 2262, 2011, pp. 42-51  

15. Carlson, P. J., Miles, J.D.,  and Johnson, P.K., Daytime High Speed Passing Maneuvers 
observed on Rural Two-Lane, Two-Way Highway: Findings and Implications, 
Transportation Research Record: Journal of Transportation Research Board, Vol. 961, 
2006, p. 9  

16. Llorca, C., Moreno, A.T., García, A., Perez, A.M. Observations of daytime and nighttime 
passing maneuvers on a two-lane rural road in Spain. Transportation Research Record: 
Journal of the Transportation Research Board, 2013 

17. Faghri, A. and Demetsky, M.J., Reliability and risk assessment in the Prediction of 
Hazards at Rail-Highway Grade Crossing. Transportation Research Record: Journal of 
the Transportation Research Board, Vol. 1160, 1988, pp. 45-51 

18. Navin, F., Safety factors for road design: can they be estimated? Transportation Research 
Record: Journal of the Transportation Research Board, Vol. 1280, 1990, pp. 181-189 

19. Navin, F., Safe road design as limit state. Proceedings of the Conference, Strategic 
Highway Research Program and Traffic Safety on Two Continents, Part Two, 1991 

20. Easa, S.M., Reliability-based design of intergreen interval at traffic signals. Journal of 
Transportation Engineering, Vol. 19, No. 2, 1993, pp 225-271 



Llorca et al., 2014 

13 
 

21. Easa, S.M., Reliability-based design of sight distance at railroad grade crossings. 
Transportation Research Part A-Policy and Practice, Vol. 28, No. 1, 1994, pp. 1–15 

22. Easa, S.M., Reliability approach to Intersection Sight Distance design. Transportation 
Research Record: Journal of the Transportation Research Board, Vol. 1701, 2000, pp. 
42–52 

23. Ibrahim, S., and Sayed, T. Developing safety performance functions incorporating 
reliability-based risk measures. Accident Analysis and Prevention, Vol. 43, 2011, pp. 
2153-2159 

24. El Khoury, J., and Hobeika, A., Assessing the Risk in the Design of Passing Sight 
Distances. Journal of Transportation Engineering Vol.133, 2007, p. 370  

25. El Khoury, J., and Hobeika, A. Integrated Stochastic Approach for Risk and Service 
Estimation: Passing Sight Distance Application. Journal of Transportation Engineering, 
Vol. 138, No. 5, 2012, p. 571 

26. El-Bassiouni, S and  Sayed, T., Design Requirements for Passing Sight Distance: A Risk-
based Approach, Presented at Transportation Research Board 89th Annual Meeting, 
Washington DC (US) 2010. 

27. Kim, S. and Choi, J. Effects of preceding geometric conditions on operating speed 
consistency of multilane highways, Canadian Journal of Civil Engineering, Vol. 40, No. 
6, 2013, pp. 528-536.  

  



Llorca et al., 2014 

14 
 

LIST OF TABLES AND FIGURES 
  



Llorca et al., 2014 

15 
 

 

Country - Standard 
PSD(m) at reference speed (km/h) Reference 

Speed 
40 50 60 70 80 90 100 110 120 

Spain 3.1 IC (2000) (4) 200 300 400 450 500 550 600   Vd 

US AASHTO Green Book (2011) (5) 140 160 180 210 245 280 320 355 395 Vd 

US AASHTO Green Book (2001) (6) 266 341 407 482 538 613 670 727 774 Vd 

Spain 8.2 IC 
(1987) (7) 

Start of passing zone 
(a) 

145 180 225 265 310 355 395   
VM 

End of passing zone 
(b) 

50 75 100 130 165 205 250   
VM 

Minimum passing 
zone length (c) 

160 200 245 290 340 385 435   
VM 

US MUTCD (2003) (8) 140 160 180 210 245 280 320 355 395 V85 

Vd: design speed, VM: posted speed limit, V85: 85th percentile of operating speed 

Table 1. PSD design and marking standards 
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Variable Units Sample size Minimum Mean SD Maximum 

d12(passing) (m) 150 39.2 61.2 19.0 98.0 
d13(passing) (m) 150 114.1 163.8 42.0 241.6 

t2-t1 (s) 150 1.7 2.9 0.9 4.6 

t3-t1 (s) 150 4.8 7.1 1.8 10.1 

h(t1) (m) 150 3.4 7.5 3.7 13.5 

Vp(t1) (km/h) 150 58.6 71.1 10.4 89.3 

h(t3) (m) 150 10.0 21.1 8.2 35.7 

Vp(t3) (km/h) 150 73.0 88.8 11.1 109.2 

Vi (dynamic 
method) 

(km/h) 150 55.7 65.5 8.3 78.0 

Vi (static 
method) 

(km/h) 120 42.8 77.3 18.9 109.8 

free-flow speed (km/h) 450 63.0 90.1 18.0 120.1 

Table 2. Summary of data collection variables 
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Variable Code Units distribution mean SD 
Passing vehicle relative 
initial speed 

Vp(t1)/Vi - lognormal 1.10 0.05 

Acceleration rate a m/s2 lognormal 0.77 0.47 
Headway passing-impeding 
at start 

h(t1) m lognormal 9.61 5.65 

Headway passing-impeding 
at end 

h(t3) m lognormal 23.88 9.58 

Table 3. Passing vehicle acceleration model variables 
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(a) 

(b) 
Figure 1. Data collection methodologies: (a) static and (b) dynamic 
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Figure 2. Passing maneuver dynamic variables 
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(a) (b) 
Figure 3. Vd, ASD and impeding vehicle type effect on Pnc 
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(a) (b) 
Figure 4. Pnc of existing criteria: (a) at the starting point and (b) at the critical point 
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(a) (b) 
Figure 5. Sight distance requirement at start and end of passing zones. Minimum passing 
zone length requirements. 
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