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ABSTRACT 

 
The most widely used procedures for estimating delay at signalized intersections are 

provided by the Highway Capacity Manual (HCM). Despite many revisions, the current 

HCM delay models lack consideration of short turn lanes and vehicles making a right 

turn on red (RTOR), both of which are commonly seen in real-life situations. Neglecting 

the delay caused by short-lane blockages and excluding RTOR traffic, the existing 

models can underestimate the delay for the signalized intersections.  

To eliminate these shortcomings of the current HCM, comprehensive delay models were 

developed by considering the chance of short-lane blockage and right turns proceeding 

during red. The proposed analytical models were constructed via two different 

approaches: probabilistic theories and queue accumulation polygons (QAP). They were 

capable of handling delay estimation given different inputs. The effectiveness and 

validity of the proposed models were verified by the microscopic simulation model, 

SimTraffic, which was calibrated based on intersection field data.  

The proposed models, developed with two different ideologies, showed their distinct 

advantages. By following the traditional HCM procedures, the probabilistic model only 

requires basic information as inputs, including traffic volume, saturation flow rate, signal 

timing plan, and short-lane length. It enhanced the HCM models by being able to handle 

delay estimation for short right-turn lane and RTOR. By incorporating the RTOR 

queuing and discharging information, the QAP model overcomes the shortcoming of 
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HCM models where RTOR are directly removed before the capacity or delay analysis. It 

is better at modeling vehicular arrival and departure for both through and right-turn 

traffic under various signal control strategies and blockage scenarios.  

Using the probabilistic model, it was found that the length of the short right-turn lane 

strongly influences the intersection delay. Delay decreases as the length of the right-turn 

lane increases. RTOR can reduce the over-saturation, thereby reducing the approach 

delay substantially, especially when the length of the lane is insufficient to accommodate 

queuing vehicles. Based on the field data studied in this research, both QAP model and 

probabilistic model yield better estimates for the approach delay than the HCM model. 

The results also confirmed that the HCM tends to underestimate the approach delay by 

ignoring the short-lane blockage and delay contributed by RTOR traffic. 

 

Keywords: Short Right-Turn Lane, Short Lane Blockage, Right Turn on Red (RTOR), 

Average Delay, Probability, Queue Accumulation Polygon (QAP), Simulation Model, 

SimTraffic.  
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CHAPTER 1:  

INTRODUCTION  

 

BACKGROUND 

In a roadway system, intersections are locations where two or more surface streets meet, 

thus providing pedestrians, bicycles, and motor vehicles the opportunity to cross another 

street or change direction of travel. Among all types of intersections, signalized 

intersections are a very important group which is designed to accommodate high-volume 

locations. The capacity and delay of signalized intersections are two critical measures 

when evaluating the performance of an intersection. The capacity implies the maximum 

number of vehicles that can get through an intersection, while delay measures the quality 

of the service. A primary goal of traffic studies is to minimize delay and maximize 

capacity to better serve the road users. In the United States, the procedures provided by 

the 2000 Highway Capacity Manual (HCM) for estimating capacity and delay of 

signalized intersections are widely used.  

At any intersection, either an exclusive turn lane or a shared lane is provided for vehicles 

to make turns. Exclusive turn lanes are usually built to increase the approach capacity or 

to improve traffic safety. By separating turning traffic from through traffic, the efficiency 
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of a through lane is increased; therefore, more vehicles can get service at the intersection. 

At high speed locations, it is safer and more efficient to have an exclusive lane for 

turning traffic. Most exclusive turn lanes are constructed as short lanes, which are also 

referred to as pockets, flares, or storage bays. Short lanes are mainly designed this way 

due to two reasons: first, the geometry of the intersection is constrained by adjacent land 

use or the budget, so it is not possible to design a full lane to accommodate the turning 

traffic; second, it is not necessary if the traffic demand does not warrant an exclusive full 

lane. 

Figure 1 shows an example of intersection geometry with both short left-turn and short 

right-turn lanes. At this four-legged intersection, both short left-turn and right-turn lanes 

exist for the westbound approach, while other approaches have either a short left-turn 

lane or a short right-turn lane. “SRL” and “SLL”, in Figure 1, are used to indicate short 

right-turn lanes and short left-turn lanes respectively.  
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Figure 1 An intersection with short left-turn and short right-turn lanes 

For short right-turn lanes, if the turning volume is high and the length of the short lane is 

inadequate, the right-turn vehicles would overflow onto its adjacent through lane, thus 

blocking the progression of traffic in that lane. Additionally, right-turning vehicles can 

also be blocked or prevented from entering the short-lane section by through vehicles. 

When blockage happens, the capacity of the lane being blocked will be under-utilized, 

while the delay increases. However, the current HCM models do not take blockages into 

consideration, the capacity is overestimated and delay is underestimated. 
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There are two types of right-turn regulation at signalized intersections: right turn on red 

(RTOR) and no RTOR. When RTOR is permitted, right-turn vehicles can discharge 

during the red display if sufficient gaps are available. The current HCM model, however, 

ignores the delay contributed by the vehicles turning during the red by subtracting them 

from the right-turn volume before analyzing capacity or Level of Service (LOS) for an 

intersection. By doing this, the HCM simply assumes this portion of right-turn vehicles 

does not cause any delay; however, this is not the case in the real world.  

Even though signalized intersections are widely studied, very few studies have focused 

on intersections with short lanes (1,2,3,4). Of all these studies, none of them studied the 

delay of short-lane approach. Therefore, it is desired to analyze the impact of short-lane 

blockage and the right-turn regulation on right-turn vehicles discharging from short right-

turn lanes, and to develop comprehensive analytical models to estimate the delay of the 

short right-turn lanes. 

 

PROBLEM STATEMENT 

Despite of the prevalence of the HCM in modeling capacity and delay, there are some 

shortcomings in its current procedures when dealing with RTOR vehicles and the short 

lanes at intersections.  

In the HCM, short right-turn lanes are always treated as exclusive full lanes, and thus will 

not affect or be affected by the traffic in their adjacent through lanes. However, most 
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right-turn lanes exist as short lanes. A blockage can happen at the entrance of a short-lane 

section when it is not long enough to provide sufficient service to right-turn or through 

vehicles. At any approach where a short lane exists, three scenarios can happen: (1) the 

entrance for the right-turn vehicles to enter the short lane section is blocked by the 

queuing traffic in the adjacent full lane (which is usually a through lane); (2) the right-

turn traffic spills back to the adjacent full lane creating gaps in the queue of the full lane; 

(3) none of above (no blockage occurs). In the first two circumstances, blockage results 

in the approach being under-utilized. In the third case, the approach operates as if there 

was an exclusive full lane for the right-turn traffic, which can be fairly estimated by the 

HCM. In this study, the first circumstance is named through blockage because the first 

vehicle which causes blockage is a through vehicle. The second circumstance is called 

right-turn blockage, since the blockage is formed by a right vehicle. These two types of 

blockage are shown in Figures 2(a) and 2(b) respectively. Due to the fact that the HCM 

methodology always treats the short lane as an exclusive full lane, which neglects the 

possibility of blockage happening to the short lane section, when blockages occur, the 

HCM model would overestimate the capacity (3) and underestimate the delay. As a 

result, the current methodologies and software based on the HCM is not accurate in 

estimating delay and capacity at intersections with short lanes.  
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Figure 2 Two types of blockages for short right-turn lanes 

At signalized intersections, the capacity and Level of Service (LOS) are mainly 

determined by the signal timing. This is also true for those intersections with short right-

turn lanes. Due to the characteristics of short lanes, formation of short-lane blockages is 

greatly influenced by the signal timing strategies. For right-turn vehicles, there are mainly 

two types of right-turn regulations: right turn on red (RTOR) and no right turn on red (no 

RTOR). If no RTOR is allowed, right-turn vehicles can only discharge when the green 

indication is given to the subject right-turn lane, which mostly shares the same phase with 

its adjacent through lane. Considering the probability of more right-turn vehicles 

accumulating during the red interval, right-turn blockage is more likely to happen under 

this right-turn regulation. Cases are more complicated when RTOR is allowed. When 

RTOR is permitted, right-turn vehicles in the subject lane can not only discharge with 
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protection during the green, but also discharge during the red when the traffic condition 

of the conflicting traffic permits. Furthermore, the number of vehicles able to make right 

turns during the red is determined by various factors, such as right-turn demand, 

conflicting traffic volume, and signal timing plan. As a result, the performance of the 

short lane is also determined by the signal timing strategy. For example, when the volume 

of the conflicting through traffic is high, the right turn vehicles are less likely to proceed 

when the green light is given to the intersecting street. Right-turn blockage would occur 

more often under such circumstance. Conversely, if split phase is running on the 

intersecting street, RTOR traffic from the short lane can discharge when the conflicting 

through traffic is stopped. In this case, it is less likely that a right-turn blockage will form. 

Generally, the utilization of RTOR regulation intensifies the influence of different signal 

timing strategies on the short-lane performance. However, the existing models for 

estimating capacity and delay in the HCM ignore the increased capacity and delay by the 

RTOR by excluding it before any analysis is performed.  

Given the reasons above, it is desired to develop comprehensive models to estimate delay 

for short right-turn lanes by considering the impacts of short lane blockage, right-turn 

regulations, and signal control treatments. In the proposed models, all possible scenarios 

of blockage due to the existence of short lanes and the adoption of certain signal control 

will be analyzed. By doing this, the capacity and delay estimates provided by the 

proposed models can be closer to practice than those provided by the conventional HCM 

models. 
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RESEARCH OBJECTIVE AND SCOPE 

The primary objective of this study is to model the delay of a short right-turn lane and its 

adjacent through lane considering the signal timing schemes. The proposed analytical 

models should be able to eliminate the shortcomings of HCM models by considering the 

short-lane blockage, right turn on red, and signal timing strategies. The models will be 

valuable in evaluating the intersection Level of Service (LOS), as well as guiding the 

design and construction of intersections based on estimated future traffic demands. 

Based on the primary objective, the scope of this study mainly includes: 

• identifying all possible scenarios of through blockages and right-turn blockages; 

• constructing analytical delay models which consider blockage, right-turn 

regulations, and signal timing strategies;  

• determining the impact of the short-lane length on delay; and 

• utilizing simulation models to validate proposed delay models by simulating a 

real-world case.  

RESEARCH PROCEDURES  

According to the primary objective and the study scopes described above, the research 

has been conducted by following the following procedures. 

Step 1: Literature Review 
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Previous studies related to the following topics are collected, reviewed, and evaluated: 

• capacity and delay estimate for signalized intersections;  

• the impact of short lanes on intersection performance; 

• capacity and delay estimate for right turn on red (RTOR) and no RTOR; and 

A comprehensive literature review is composed to document existing studies related to 

the short right-turn lane. The literature review provides a sufficient background and 

overview for the proposed study. 

Step 2: Analytical Model Construction and Calibration 

Two analytical delay models are proposed in this study. They are: probabilistic delay 

model and Queue Accumulation Polygon model.  

The probabilistic delay model is developed by taking into consideration the odds of short 

lane blockage. The procedures for models under no RTOR are the following: 

1. calculate the probability of all possible scenarios of blockages under different short 

lane lengths; 

2. compute the probability of blockages caused by through vehicles and right-turn 

vehicles when blockage occurs; 

3. estimate the mean number of vehicles in the short-lane section when blockages 

happens without specifying the type of blockage; 

4. estimate the mean number of vehicles in the short-lane section, under a certain type 

of blockage;  
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5. identify the probability of blockages occurring in a cycle; 

6. model capacity of approaches under both blocked and non-blocked scenarios; and 

7. model delay of approaches by following the HCM procedure. 

Following the HCM procedures, the probabilistic model for RTOR are derived from the 

model for no RTOR by excluding the vehicles which manage to proceed during the red.   

The queue accumulation polygons (QAP) are employed to estimate delay, considering its 

ability to handle various traffic arrival and departure rates and to track queue lengths at 

any time in a cycle. Since the right-turn vehicles discharging during the red are greatly 

influenced by the signal control strategies at the intersection, different QAPs are 

constructed to analyze delay under all possible signal timing strategies. The procedures of 

developing the QAP delay model are as the following: 

1. simplify the traditional signal phasing diagrams with respect to the study right-turn 

movement; 

2. graph right-turn QAPs (RTOR allowed) and through QAPs under various signal 

timing strategies for the full lanes; 

3. construct QAPs considering all possible scenarios of blockage;  

4. develop delay model based on each QAP scenario; and 

5. calibrate QAP model by using the simulation models. 

Finally, all models are calibrated based on the results from the simulation models. 

Step 3: Field Data Collection and Processing 
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Step 3 can be performed concurrently with step 2. Before data collection, a study location 

was selected and determined among intersections with required geometry design, signal 

control, and occurrence of short-lane blockage. To collect field data for calibrating 

proposed models, the following information is obtained:  

• Intersection geometry, including the length of the short right-turn lane and 

number of lanes on each approach of the intersection 

• Speed limit, including the speed limit of the study approach and the opposing 

approach 

• Traffic volumes 

• RTOR volumes 

• Free flow speed 

• Signal timing plan 

• Queue length 

• Number of stops 

• Follow-up time 

• Control delay 

Step 4: Microscopic Simulation Model Selection, Construction, Calibration, 

and Application 
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Considering the capability of microscopic simulation tools on modeling individual 

vehicle movement, microscopic simulation models are constructed to generate various 

scenarios of traffic situations at an intersection with a short right-turn lane.  

(1) Simulation Model Selection 

Two potential simulation tools, SimTraffic and VISSIM, are compared in the study based 

on their performance in dealing with the short lanes. SimTraffic is chosen to be the 

simulation tool in this study. 

 (2) Model Construction and Calibration 

After identifying the appropriate tool for simulation, a simulation model is constructed 

using the field data. Selected Measures of Effectiveness (MOEs) are used to calibrate the 

model to match the field observations.  

(3) Simulation Model Application 

The calibrated simulation is used to generate multiple scenarios for the study, selected 

data and MOEs from the simulation are collected for further analyses. Multiple runs are 

recorded in each scenario to avoid significant variations.  

Step 5: Proposed Model Validation 

To verify if the proposed delay models are effective and reliable, the calculation results 

from the analytical models and the simulation model outputs are compared. Average 

delay per vehicle is identified to be the parameter used in validation.  
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Step 6: Conclusion and Recommendation 

By evaluating the proposed models with field data, HCM output, and simulation outputs, 

a conclusion on the performance of the proposed models is drawn at the end of the study. 

The advantages of each proposed models are compared. Taking advantage of the 

proposed models, the question of how the right-turn lane length will influence the right-

turn delay under two types of right-turn regulations can be answered. 

A flow chart is shown in Figure 3 to indicate the relationship between each step in the 

research procedures. 
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Figure 3 Research tasks and procedures 
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ORGANIZATION OF THE DISSERTATION 

This dissertation consists of five chapters, with the introduction being Chapter 1. Chapter 

2 provides a comprehensive literature review. It covers several related topics, including 

short lane related issues, right turn on red, and delay and capacity estimation. 

Chapter 3 and Chapter 4 are dedicated to the proposed delay models. They are developed 

via two different approaches: probability application and queue accumulation polygon.  

In Chapter 3, the probabilistic features of short lane blockage are fully considered when 

constructing the models. In Chapter 4, queue accumulative polygons are utilized to help 

identify the delay for all possible arrival/departure patterns for both through and right-

turn traffic under different signal timing strategies and various scenarios of blockage 

under certain signal controls. To calibrate and verify the proposed models, simulation 

models are constructed by using field data collected from an intersection in Reno, Nevada. 

The validation and evaluation of the proposed models using the calibrated simulation 

models are also presented in each of these two chapters.  

Conclusions and recommendations obtained from this study are summarized in Chapter 5. 

The chapter also provides suggestions for future research.  
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CHAPTER 2:  

LITERATURE REVIEW 

As stated earlier in Chapter 1, the objective of this study is to develop the delay models 

for short right-turn lanes, which are able to eliminate the shortcomings of traditional 

models of estimating delay in HCM 2000 by considering the impact of blockages and 

right turn on red (RTOR). Accordingly, the literature review focuses on four aspects: (1) 

delay and capacity models for signalized intersections; (2) the impact of short lanes on 

intersection performance; and (3) capacity and delay estimate for RTOR and no RTOR.  

DELAY AND CAPACITY MODELS FOR SIGNALIZED 

INTERSECTIONS  

Capacity Model in HCM 

The Highway Capacity Manual (HCM) ( 5 ) is the most widely used guideline in 

estimating intersection capacity and delay. In the HCM, capacity is analyzed on the lane 

or lane group basis. Capacity is hard to directly measure in the field, thus it is usually 

estimated by the saturation flow rate and the effective green ratio. The capacity of a lane 

group is calculated as shown in Equation (1) in HCM 2000: 

ܿ݅ ൌ ݅ݏ
݃݅

ܥ
 (1) 

where 
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ܿ௜ = capacity of lane group i (veh/h), 

 ௜ = saturation flow rate for lane group i (veh/h), andݏ

݃௜/ܥ = Effective green ratio for lane group i. 

The outputs of the HCM Capacity Analysis Module can be utilized to estimate delay, 

which is an important measure of effectiveness (MOE) in determining the level of service.  

Delay Model in HCM 

Vehicle delay at intersections is commonly used to evaluate the intersection operational 

performance. The most popular forms of delay are stopped delay, approach delay, time-

in-queue delay, travel time delay, and control delay. Intersection LOS is determined by 

the average control delay per vehicle which reflects the signal timing effects on vehicles. 

In HCM, control delay is defined as the difference between the actual time taken to 

traverse a road segment, including intersections, and the time to traverse the same road 

segment at the desired free flow speed (6). It consists of time-in-queue delay and the 

delay caused by vehicle acceleration and deceleration, and can be approximately 

calculated by subtracting the average travel time of free flow from the actual delayed 

travel time observed. It can be directly collected from the field; however, different 

observers may have different results based on their subjective judgments. Thus, it is 

recommended to develop a predictive model to estimate delay (7). In the HCM, the 

average control delay per vehicle for a given lane group is modeled by three components: 

uniform delay, overflow delay, and initial queue delay which are shown in Equation (2): 
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321 ddPFdd ++=  (2) 

where,  

݀= control delay per vehicle (s/veh); 

݀ଵ= uniform control delay component assuming uniform arrivals (s/veh); 

PF= uniform delay progression adjustment factor, which accounts for effects of 

signal progression; 

݀ଶ= incremental delay to account for effect of random arrivals and oversaturation 

queues, adjusted for duration of analysis period and type of signal control; this 

delay component assumes that there is no initial queue for lane group at start of 

analysis period (s/veh); and 

݀ଷ= initial queue delay, which accounts for delay to all vehicles in analysis period 

due to initial queue at start of analysis period (s/veh) . 

Delay calculation is a very complicated and usually very time consuming procedure. 

Therefore, software packages are developed based on the HCM principles and 

methodologies. The most commonly used one is Highway Capacity Software (HCS). In 

addition to the HCM and the HCS which can only handle isolated intersection analyses, 

other software, such as TRANSYT-7F and Synchro, is also used to analyze the 

coordinated signalized intersections.  

Using Queue Accumulation Polygon (QAP) to Estimate Uniform Delay 

The first term in the HCM delay model is mainly based on the uniform delay, which is 

caused by vehicles arriving in the cycle under the conditions of uniform arrivals, stable 
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flows, no initial queue, and no overflow queues at the end of its green. The formula for 

estimating uniform delay can be derived from a plot of cumulative vehicles against time. 

In a cycle, the geometry for computing uniform delay, as depicted in Figure 4, is 

determined by the flow rate, queue discharging rate, and the length of each signal timing 

phase. 

 

Figure 4 An illustration of uniform delay 

In Figure 4, x-axis is the time axis, which is divided into one red interval and one green 

interval in a cycle according to the signal timing plan. To study uniform delay, it is often 

assumed that there is no preexisting queue and overflow at the intersection and vehicles 

arrival and departure follow constant rates respectively. According to Figure 4, vehicles 

arrive at a uniform rate of flow v (veh/h) despite the signal indication, thus the arrival 

curve has a slope of v during the entire cycle. Vehicles queuing at the intersection start to 

discharge at saturation flow rate s (veh per hour) from the beginning of the green interval. 

Thus, the slopes of the departure curve are s during the green and 0 during the red.  
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As early as 1958, Webster (8) had started to use an illustration to study uniform delay. 

According to the Webster’s model, the uniform delay is the area of the triangle formed by 

the arrival and departure curves shown in Figure 4. Figure 5 presents another form of 

uniform delay illustration, which is supposed to yield the same delay model as Figure 4. 

In Figure 5, the queue length accumulated in the lane group is a function of time, and the 

area of the polygon is the total delay. The graph shown in Figure 5 is called queue 

accumulation polygon (QAP).  

 

Figure 5 Queue accumulation polygon (QAP) for estimating uniform delay  

The uniform delay formula given by the areas of aggregate delay triangles shown in 

Figure 4 and Figure 5 can be stated as: 

ܷniform ݕ݈ܽ݁ܦ ൌ
1
2

ܥ ൈ
ሺ1 െ ݃

ܿሻଶ

1 െ ሾ݉݅݊ሺ1, ܺሻ ൈ ݃
ሿܥ

 (3) 

Where  

 ;cycle length (s) =ܥ
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cൌ capacity (veh/h); 

g= effective green time (s); and 

Xൌ ௩
௖
 ratio. 

Disadvantages of HCM Models 

As mentioned in the problem statement, the HCM models cannot reflect the short-lane 

impact on the intersection delay due to the fact that it treats the short lane as an exclusive 

full lane, thereby neglecting the possibility of blockage happening to the short-lane 

section. When blockage occurs, HCM procedures would overestimate the capacity and 

underestimate the delay. As a consequence, the current methodologies and software of 

modeling delay, which are based on the HCM, would not be accurate in dealing with 

intersections with short lanes.  

 

IMPACT OF SHORT LANES ON INTERSECTION 

PERFORMANCE 

Exclusive turn lanes are auxiliary lanes which are used for separating turning vehicles 

from the through traffic, thus improving the intersection efficiency and safety. In 1985, 

Lin (9) found that, under certain signal timing and no RTOR, the existence of a right-turn 

lane decreases the average delay by about 20 percent when right-turn vehicles comprise 

10 percent of the total arrivals.  When right-turn traffic increases to 40 percent, delay can 
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be reduced by 20 to 50 percent. In addition, when the saturation flow rate exceeds 0.8, the 

existence of a right-turn lane can reduce delay significantly.  

Auxiliary lanes are often seen as short lanes in the field, which are mainly due to two 

reasons: first, the geometry of the intersection is constrained by the land use or the 

budget, so it is not possible to design a full lane to accommodate the turning traffic; 

second, an exclusive full lane is not necessary according to the traffic demand at the 

projected location. When the short lane exists, there is the possibility of blockage 

happening at the entrance of the short lane. The blockages can happen to both right and 

left short-turn lanes.  If the short lane is not long enough, through vehicles arriving during 

the red may block the turning vehicles from entering the auxiliary lane, or in the other 

case, the turning vehicles spill back and block the through vehicles. If either of these 

circumstances occurs, capacity of the lane group will be reduced and, simultaneously, 

delay will be increased. Therefore, short lanes should be designed with a moderate length 

to accommodate turning vehicles queuing in the lane such that the queues will not affect 

the adjacent through lane.  

The suitable lengths for short lanes have been studied by many researchers. AASHTO 

has provided guidelines for designing storage lanes. AASHTO 1973 (10) recommends 

“The storage length should be based on 1.5 to 2 times the average number of vehicles that 

would store per cycle, predicted on the design volume.” AASHTO 2004 (11) states “At 

signalized intersections, the storage length needed depends on the signal cycle length, the 

signal phasing arrangement, and the rate of arrivals and departures of left-turning 
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vehicles. The storage length is a function of the probability of occurrence of events and 

should usually be based on one and one-half to two times the average number of vehicles 

that would store per cycle, which is predicated on the design volume.” Kalsi (12) studied 

the impact of the length of the left-turn lane and suggested the optimum lengths for left-

turn lanes under different left-turn treatments. He concluded the required lengths 

provided by AASHTO 1973 are the same as the proposed optimum lengths by the study 

for protected left-turn lanes; however the optimum lengths for protected-permitted 

phasing are longer than the required lengths. He also found that the length of the left-turn 

storage has less impact on the delay for through traffic than for left-turn traffic. Neuman 

(13) studied the length of the left-turn lanes in 1985. He suggested that the ideal design 

length should be based on twice the average vehicle arrivals during one signal cycle. The 

ideal and minimum lane lengths are given in the study, which takes into consideration of 

the percentage of heavy vehicles with a range of left-turn volume from 100 to 600 

vehicles and cycle length from 40 to 120 seconds in increments of 10 seconds.  

The recommendation provided by AASHTO 1973 is also recommended for right-turn 

lanes by Lin (9). Nevertheless, he found the methods to obtain an estimate of the average 

number of stored vehicles per cycle to be vague. Thus, the probabilistic models which are 

used to determine the length of the short lanes are developed in this study. The models 

take into the consideration of many variables, including: (1) average flow rate from the 

shared-lane section; (2) length of the red interval for the subject approach; (3) average 

number of arrivals during the red; (4) average percentage of right-turn traffic; and (5) the 

length of the short-lane section in terms of the number of vehicles that the short lane can 
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accommodate. Based on the proposed total blockage model, the minimum short-lane 

length that could obtain the acceptable blockage probability is considered as the 

minimum required storage length. The author illustrated the recommended minimum 

length for blockage probability less than 0.1 percent. However, the models do not take 

RTOR into consideration.  

Simmonite and Moore (1) modeled the flares with LinSat, a traffic program and 

concluded that LinSat is very useful in assessing the optimum lane lengths and 

distributions for varying traffic flows, therefore providing a more cost-effective solution 

for flare design. Corby et al. (2) modeled the traffic in the flares, and estimated the usage 

of under-utilized flares with their computer program called FLARE. Tian and Wu (3) 

proposed a capacity estimation model which considered the probability of short-lane 

section blockage. Further, they found the capacity of a signalized intersection with a 

short-lane is strongly related to the length of the short lane section, the proportion of 

through and right-turn vehicles, and cycle length. However, their study didn’t consider 

right turn on red (RTOR), which is a very common right-turn regulation in the United 

States. Also, all of these researches didn’t study the delay of short lane approach.  

RIGHT TURN ON RED (RTOR) RELATED STUDIES  

Right turn on red currently is a very common traffic control strategy at most signalized 

intersections in the United States, except for some places like New York City. Initially, it 

was considered as an approach to conserve energy. Studies (14,15) have shown RTOR on 

urban streets can reduce fuel consumption. Even though RTOR was been adopted as a 
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rule by the Federal Highway Administration in the 1970’s, the safety issues due to the 

implementation of RTOR was a big concern at that time (16,17). Some studies (18) show 

no change in number of crashes after using RTOR, while others reported an increase.  

Currently, the operational impact due to RTOR has drawn more attention. RTOR is 

believed to be a measure used to ease the overcapacity at intersections to some extent. 

Studies (9) show that in addition to developing better signal timing strategies for the 

intersections, allowing RTOR from an exclusive right-turn lane can also help to improve 

the intersection level of service. It was also found that unnecessary countermeasures for 

improving the intersection operational performance, such as extra lanes, green time 

extension, and prohibited left-turn may be implemented, if the extra capacity created by 

the RTOR volume is neglected by the analysts (19). Thus, the estimate of RTOR and the 

delay and capacity at signalized intersections with RTOR have been given more attention 

recently.  

As early as 1985, Lin (9) demonstrated that right-turn delay can be reduced by 

implementing an auxiliary right-turn lane, and it can be further reduced by allowing 

RTOR. He further found when traffic conditions on the crossing street permit, the RTOR 

vehicles could proceed at a rate of 4.7 seconds per vehicle. Also, if the right-turn 

percentage increases from 10% to 40%, delay can be significantly reduced by the 

implementation of RTOR. He also found that the critical gap of RTOR is about 8.4 

seconds.  
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In 1990, Luh and Lu (20) studied the factors which affect RTOR capacity. Then, based 

on these factors, they developed the procedures to estimate RTOR capacity by using 

HCM 1985 method.  In their study, RTOR was considered to be analogous as those 

vehicles turning right from a minor street onto a major street at an intersection controlled 

by stop sign so that HCM procedures for unsignalized intersection can be applied to this 

circumstance. A seven-step procedure for RTOR capacity estimation at signalized 

intersections with exclusive right-turn lane was developed in this paper. The steps are: (1) 

identify conflicting traffic; (2) compute unsaturated red time; (3) find critical gap; (4) 

compute conflict flow rate; (5) find potential capacity; (6) find adjustment factor for 

pedestrians; and (7) compute actual capacity. Using these steps, the formula for actual 

capacity is: 

ܿ݅ ൌ  ሻ݂ܴܶ (4)ܥ/ݑݎሺ݌ܿ

Where  

ܿ௣ = potential capacity in unsaturated red, given by TWSC models in HCM 1985 
(Figure 10-3); 

 ;௨ = unsaturated red time (s)ݎ

 cycle length (s); and = ܥ

ோ்݂ = adjustment factor for pedestrians, given by HCM 1985 (Table 9-11). 

For shared lanes, four more steps were proposed. They are: (8) compute actual capacity 

in exclusive lane in a phase; (9) compute proportion of right-turning low rate in the 
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shared lane; (10) compute expected number of leading right-turning vehicles; (11) 

compute actual RTOR capacity in the shared lane. The actual capacity for a shared lane is: 

ܿܽ݅ ൌ ݉݅݊ሺ ܿܿ, ሻሺܧ
3600

ܥ
ሻ (5) 

Where 

ܿ௖ = actual capacity for a exclusive lane, ܿ௖ ൌ ܿ௣ሺ ௥ೠ
ଷ଺଴଴

ሻ ௣݂௘ௗ; 

ܧ ,expected number of leading right-turn vehicles = ܧ ൌ ଵ
ଵି௉ೝ

െ 1 and ௥ܲ  is the 
proportion of right-turn vehicles in the shared lane; 

 ௨ = unsaturated red time (s); andݎ

 .cycle length (s) = ܥ

In order to prove if it is possible to use the stop sign procedure as a substitution for 

RTOR, NETSIM was adopted as the simulation tool in their study. Field data, such as 

signal timing plan, number of lanes, volumes, etc, were required to support this method. 

However, the paper did not conclude if the stop sign analogy was a successful 

replacement for estimating capacity of RTOR.  

Inspired by Luh and Lu’s research, in 1995, Virkler and Maddela (19) compared two 

approaches to estimating RTOR when there is a lack of field data. One approach is to 

assume the RTOR volume equals the shadowed left turner when an exclusive right-turn 

movement exists and runs concurrent with a protected left-turn phase from the cross 

street (21). The other approach is the stop sign analogy. Field data collected from 40 
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intersections in Missouri was utilized in this study to determine the closer estimate of 

RTOR given by these two approaches. They found the shadowing method can 

underestimate the RTOR by ignoring RTOR discharging during unsaturated green time 

and the stop sign analogy increases the right turn capacity. They concluded that either 

approach probably worked better than not considering any RTOR in reporting 

intersection operation. 

For an existing intersection, HCM 2000 suggests to remove the actual RTORs from the 

right-turn volumes before analysis of lane group capacity or LOS. This indicates that the 

right-turn volume used for capacity or delay analysis does not include the traffic 

discharging during the red interval. Thus, when RTOR is permitted, the HCM procedures 

underestimate the capacity created by the RTORs and the delay caused by RTOR 

vehicles decelerating to a full stop before proceeding. For a site in which actual RTORs 

are not attainable, the right-turn volume can be used without a reduction for RTOR in 

most cases. Under this circumstance, the HCM ignores the delay eased by the traffic 

which is able to turn right on the red, resulting in a higher delay estimate than the actual 

value.  
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CHAPTER 3:  

SHORT-LANE DELAY MODELING– PROBABILISTIC 

MODEL 

 

This chapter introduces the delay model which considers the odds of the short-lane 

blockage. Following the HCM procedures, the proposed model enhances the 

conventional HCM models by incorporating probability theories for the short lane 

blockage and delay estimate for right turn on red. Thus, it provides an improved delay 

estimate by considering the short lane length, right turn on red, and signal timing plans.  

 

PROPOSED PROBABLISTIC DELAY MODEL 

As mentioned in Chapter 1, three scenarios can exist at an approach with a short right-

turn lane. They are through blockage, right-turn blockage, and no blockage. Possible 

blockage at the short-lane entrance can affect its adjacent lane group. When the adjacent 

lane group contains multiple lanes, the traffic distribution between lanes in the same lane 

group can be possibly affected, in addition to the direct impact on the adjacent through 

lane. As shown in Figure 6, the short right-turn impact area is formed by the short right-

turn lane and its adjacent through lane which is directly influenced by blockages. This 

area generally consists of two parts: the shared-lane section and the short-lane section. 



30 

 

  

The length of a short-lane section is measured by the maximum number of vehicles it can 

hold without affecting the adjacent lane, which is denoted as N  in Figure 6.  

 

Figure 6 Elements of short right-turn impact area in an approach 

According to Figure 6, a blockage could happen in these two situations: 

1. Through blockage ( Thruvehblock =_ ):  

The right-turn entry is blocked by the queued through vehicles on the shared-lane. If the 

length of the short-lane section is N , when there are 1+N  through vehicles, a through 

blockage occurs.  

2. Right-turn blockage ( RTvehblock =_ ):  

The right-turn traffic spills back to the adjacent full lane creating gaps in the queue in the 

full lane. Right-turn blockage happens when there are 1+N  right-turn vehicles.  
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Proposed Model 

Considering the probabilistic characteristics of short-lane blockage at signalized 

intersections, probability theories are adopted to develop the model. According to HCM, 

delay is determined by its capacity; thus calculation of capacity is fundamental to specify 

delay.  

The proposed delay model is constructed followings these steps: (1) calculate the 

probability of all possible scenarios of blockage under different short-lane lengths; (2) 

calculate the probability of blockages caused by through vehicles and right-turn vehicles 

when blockage occurs; (3) estimate the expected number of vehicles in the short-lane 

section when blockages happen without specifying the blockage type; (4) estimate the 

mean number of vehicles in the short-lane section under a certain blockage type; (5) 

calculate the probability of blockage occurring in a cycle; (6) model capacity of 

approaches under both blockage and un-blockage circumstances; and (7) model delay of 

approaches by following the HCM procedures. When RTOR is permitted, the RTORs 

need to be excluded from the total right-turn volume before any analysis. For RTOR 

volume, it is recommended to use actual field data for existing intersections and 

estimated volume for future projected intersections by the HCM (5). 

Statistical Theories Applied in the Study 

When two random variables are associated in a population, the random variables are 

jointly distributed. For random variables X and Y, which are jointly discrete, the 
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probability mass function of X can be derived by adding up the joint probability mass 

function over all possible values of Y. The probability mass function of X is also called 

the marginal distribution of X, which is shown by Equation (6). Similarly, the marginal 

probability mass function for Y can be derived (22).  

∑∑ ======
yy

X yYandxXPyxpxXPxp )(),()()(  
(6) 

To determine the probability for X under certain condition of Y, conditional distribution 

needs to be introduced. The conditional probability mass function of X given y=Y is 

shown in Equation (7). 

∑
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(7) 

The expected value of the conditional distribution shown in Equation (7) can be 

calculated by Equation (8). 

∑ ×==
x

yx yxPxyYXE )|()|( |  
(8) 

In this study, the numbers of right-turn vehicles and through vehicles arriving in the 

approach are considered as two random variables. Any scenario in the study approach can 

be described by a joint probability of these two variables. For example, when through 

blockage occurs, the number of through vehicles in the short-lane area is determined 

while the number of right-turn vehicles can vary. Each of these scenarios under the 
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circumstance that through blockage occurs has a conditional probability. The probability 

of through blockage can be calculated via the marginal distribution theory by summing 

the probabilities of all possible scenarios for right turns in the short-lane section. The 

expected number of right-turn vehicles in the short lane can be estimated by using the 

equation (8). When right-turn blockage happens, similar methodologies can be adopted.  

Defining Variables 

Before constructing the delay model, the following variables and statistics are defined:  

vehblock_ = the type of the first vehicle which causes blockage, therefore, vehblock_  

can be RT  and Thru  for right-turn and through blockage respectively. 

N = Length of the short-lane section, which denotes the maximum number of vehicles 

that can be held in the short-lane section. 

t= Number of through (Thru ) vehicles in the short-lane section, Nt ≤≤0   

r = Number of right-turn ( RT ) vehicles in the short-lane section, Nr ≤≤0  

T = Number of through (Thru) vehicles in the short-lane section when blockage occurs, 

⎩
⎨
⎧

−=
=

=
.1,,1,0.,

_,
NtOtherwiset

ThruvehblockN
T

L
 (9) 

R = Number of right-turn ( RT ) vehicles in the short-lane section when blockage occurs, 
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X = Total number of vehicles in the short-lane section when blockage occurs, trX += , 

NXN 2≤≤  

⎩
⎨
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=
RTvehblocktN
ThruvehblockNr

X
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_,

 (11) 

)_|( vehblockTE - Mean number of through vehicles under certain scenarios. 

)_|( vehblockRE - Mean number of right-turn vehicles under certain scenarios.  

)_|( vehblockXE - Mean number of total vehicles under certain scenarios, similar to

)_|( vehblockTE and )_|( vehblockRE , it is also a statistic. 

TV = Volume of through traffic (vph) 

RV = Volume of right-turn traffic (vph) 

In the short-lane impact area, any vehicle arriving at the intersection can be either 

through or right-turn vehicle, therefore, vehicle arrival follows Bernoulli distribution, 

with probability mass function: 

⎩
⎨
⎧

=
=

=
RTxifP
ThruxifP

xf
R

T)(  (12) 

where 
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TP = the probability for a through vehicle arrival, which is equivalent to the 

proportion of through traffic in this approach,  

RT

T
T VV

V
P

+
=  (13) 

RP = the probability of the arrival of through vehicles,  

RT

R
R VV

V
P

+
=  (14) 

and  

)(1)( RTXPThruXP =−== (15) 

Probability of Blockage Scenarios 

Table 1 gives an example of a probability calculation when the length of the short-lane 

section can accommodate three vehicles. From the eight scenarios, Scenarios 1, 2, 3, and 

4 are through blockage, while Scenario 5, 6, 7, and 8 are right-turn blockage. The 

numbers of vehicles turning right and traveling through vary for the different scenarios. 

Furthermore, for each scenario, there are many different cases by considering the vehicle 

arrival sequence. For example, for Scenario No. 2, vehicle arrival orders can come in one 

of four cases: RTTTT , TRTTT , TTRTT , or TTTRT ; thus the number of possible cases 

of Scenario 2 can be formulated as 14C . The probability of occurrence of Scenario 2 is

14C 113
RT PP ⋅+ . 
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Table 1 Probability Calculation for All Possible Cases When Blockage Occurs Given N
=3 

No. Scenarios (N=3) 

1st vehicle 

Causing 

Blockage 

Probability

# of 

Possible 

Cases 

Prob. of Each 

Scenario 

1 T 013
RT PP ⋅+  03 C  03 C 013

RT PP ⋅+  

2 T 113
RT PP ⋅+  14 C  14 C 113

RT PP ⋅+  

3 T 213
RT PP ⋅+  25 C  25 C 213

RT PP ⋅+

4 T 313
RT PP ⋅+  36 C  36 C 313

RT PP ⋅+  

Formula 

through 

blockage 

4=t  

r
R

t
T PP ⋅  rX C  rX C r

R
t

T PP ⋅  

5 RT 130 +⋅ RT PP  03 C  03 C 130 +⋅ RT PP  

6 RT 131 +⋅ RT PP  14 C  14 C 131 +⋅ RT PP  

7 RT 132 +⋅ RT PP  25 C  25 C 132 +⋅ RT PP  

8 RT 133 +⋅ RT PP  36 C  36 C 133 +⋅ RT PP  
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Formula 

Right-turn 

blockage 

4=r  

r
R

t
T PP ⋅  tX C  tX C r

R
t

T PP ⋅  

 

In general, given N , there are 22 +N  possible scenarios where the short-lane is blocked. 

For through-blockage scenarios, there are rX C  possible cases for each scenario 

considering the vehicle arrival sequence. Therefore, the probability of each scenario is

rX C r
R

N
T PP ⋅+1  for through blockages, and tX C 1+⋅ N

R
t

T PP  for right-turn blockages. 

Putting them together gives 

1
2~:

~0:,

11 =⋅⋅+⋅⋅∑ ++
NNX

Nrt

N
R

t
TtX

r
R

N
TrX PPCPPC  (16) 

Furthermore, given the number of vehicles in the short-lane X , there are  

∑ +
NNX

Nrt
tXrX CC

2~:

~0:,
 (17) 

different cases in total.  

Probability of Two Types of Blockages 

Following the marginal distribution theory, we have: 

1. through blockage ( Thruvehblock =_ ): 
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2. right-turn blockage ( RTvehblock =_ ): 
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 (19) 

Considering that blockage can only be either through blockage or right-turn blockage, it 

has 

1)_()_( ==+= RTvehblockPThruvehblockP  (20) 

 

Figure 7 Probability of right-turn blockage and through blockage 
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Expected Number of Vehicles when Blockages Exist 

Without specifying the vehicle type causing the short-lane blockage, the expected number 

of vehicles in the short-lane can be calculated as follows:  

in the through lane, 

)_|( vehblockTE  

= [ ] tRTvehblockRtPThruvehblockrTP
N

rt
⋅=+=∑

=0,
)_|,()_|,(  

∑
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+ ⋅⋅⋅+⋅⋅=

N

rt

N
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TrrN tPPCPPC

0,

1
)(

1
)( )(  

(21) 

in the right-turn lane, 

)_|( vehblockRE  
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N
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and the total number of vehicles in the short lane is computed by, 

)_|( vehblockXE  (23) 
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When the vehicle that causes blockage is specified, the expected numbers of vehicles in 

the short lane section can be obtained by following the conditional probability theory. 

1. when through blockage occurs ( Thruvehblock =_ ): 
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, which shows the probability of scenarios when r= 1, 2, …, N given  t=T.  

Thus,  
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Expected total number of vehicle in the short-lane section when through blockage occurs 

is given by  

NNTRENTXE +=== )|()|(  (26) 
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2. when right-turn blockage occurs ( RTvehblock =_ ), 

Similar to the circumstance under through blockage, the expected numbers of vehicles 

under this circumstance are given by 
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(28) 

NNRTENRXE +=== )|()|(  (29) 

Based on the models developed, the expected numbers of right-turn and through vehicles 

in the short-lane section are plotted in Figure 8. It can be seen that when the percentage of 

the through traffic is greater than 50%, the expected number of through vehicles in the 

short-lane section when right-turn blockage occurs is greater than the right-turn vehicles 

under the circumstance of through blockage. Also, the higher the through volume, the 

greater the expected number of through vehicles in the short-lane section when blockage 

happens.  
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Figure 8 Expected number of right-turn and through vehicles in the short-
lane section 

Probability of Blockage Occurs in a Cycle 

According to statistical theory, since each vehicle arrival follows Bernoulli distribution, 

when vehicles enter the approach in large quantities, the high vehicle arrivals can be 

assumed to follow Poisson distribution. Here, in order to simplify the model, the 

blockage is assumed to be caused by vehicles arriving during the red; in actuality, 

blockage could possibly happen after green starts, when vehicles from upstream are 

forced to decelerate by the vehicles in queue at the approach.  

If through traffic follows )(~ tPoissonT λ , then 
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where tλ is the mean probability of through vehicle arrival, which can be determined by

3600
r

T
tV ×  and rt is the red time in a cycle (sec). 

Similarly, right-turn traffic follows )(~ rPoissonR λ , then 

!
)(

r
erRP

r
rr

λλ ×== −  (31) 

where rλ = the mean probability of through vehicle arrival, determined by 
3600

r
R

tV × . 

The probability of un-blockage (which means no blockage occurs) in a cycle can be 

computed as: 

)0()0()()(
0 0

NRPNTPrRPtTPP
N

t

N

r
blockun ≤≤⋅≤≤==⋅== ∑∑

= =
−  (32) 

1=+ −blockunblock PP  (33) 

 

Based on the models above, the probability of un-blockage in a cycle when tλ =3 is 

plotted in Figure 9.  
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Figure 9 Probability of un-blockage in a cycle, when tλ =3, rλ =1~10 

From the figure above, one can see when the probability of vehicle arrival during the red 

interval is fixed ( tλ  or rλ  is a constant; in other words, along the same curve), the longer 

the short lane length, the lower the probability of blockage in a cycle. On the other hand, 

under a certain short lane length (N is fixed), the higher the probability of vehicle arrival 

during the red interval ( tλ  and rλ ), the higher probability of blockage in a cycle. Here, 

the probability of vehicle arrival is determined by volume, which indicates volume has 

the same relationship with blockage probabilities as tλ  and rλ . 

Capacity Model 

When RTOR is not permitted, vehicles accumulated in the red interval start to discharge 

at the beginning of green. Here, it is assumed that no vehicle is waiting at the end of 

green, which means no initial queue delay. The methodology of modeling capacity 

proposed by Tian and Wu (3) is adopted in this study. According to their research, the 

short-lane impact area consists of two parts: the two-lane short-lane section and single-
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lane section; thus, vehicles in the area discharge in two different modes during the green. 

For vehicles in the short-lane section, through vehicles follow saturation flow rate ts , 

while right-turn vehicles have rs . 

When through blockage happens, 

])|([3600)]|([3600
1 NNTRE

C
NTXE

C
c T +===⋅=  (34) 

Time spent in discharging the portion of vehicles in the short-lane section can be 

calculated as follows: 

For through vehicles,  

s
t

t t
s
Ng +⋅= 36001  (35) 

and for right-turn vehicles:  

s
r

r t
s

NTREg +
=

⋅=
)|(36001  (36) 

),max( 111 rt ggg =  (37) 

After some vehicles discharge from the short-lane section, vehicles from the single-lane 

section start to discharge. These vehicles can be assumed to discharge with saturation 

flow rate ss , 
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seT stgg
C

c ⋅+−= )(1
12  (38) 

where et  is the effective green extension, and st is startup time.  

The total capacity can be calculated by 

TTT ccc 21 +=  (39) 

Similarly, when right-turn blockage happens, Rc can be calculated. Then, the capacity 

when blockage occurs is shown in Equation (40).  

)_()_( RTvehblockPcThruvehblockPcc RTblock =⋅+=⋅=  (40) 

When the short-lane section is not being blocked, the right short-turn lane can be 

considered as an exclusive lane which has the same length as its adjacent full lane in the 

same approach. The capacity under this circumstance can be fairly estimated by the 

HCM. Following the HCM procedures, the capacity of the short-lane impact area can be 

calculated as follows: 

)/()/( CgsCgsccc iritunblockrunblocktblockun ⋅+⋅=+= −−−  (41) 

It needs to be noted that the capacity calculation discussed above does not consider 

RTOR. If RTOR is permitted at the intersection, the actual capacity should include the 

extra capacity created by vehicles which are able to discharge during the red.  

Delay Model 
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According to the HCM 2000, the control delay is 

321 ddPFdd ++=  (42) 

 

The Uniform Delay is then:  

]),1[min(1
)1(5.0 2

1
C

g
C

g

X
Cd

⋅−
−⋅

=  (43) 

where 

PF= progression adjustment factor; 

1d = uniform delay (s/veh); 

2d = overflow delay (s/veh); and 

3d : delay due to pre-existing queue (s/veh). 

Tc  and Rc  are used to calculate delay for through blockage and right-turn blockage 

respectively, which can be denoted as Td  and Rd . 

Considering the complexity of the situations when initial queue exists, it is assumed that 

the green time is long enough to clear the queues in the approach. Then average delays 

for the short-lane impact area can be calculated by Equation (44) and Equation (45) for 

blockage and un-blockage cases respectively. 
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)_()_( RTvehblockPdThruvehblockPdd RTblock =⋅+=⋅=  (44) 
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unblockrRunblocktT
blockun VV

dVdV
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+
⋅+⋅

= −−
−  (45) 

Here, unblocktd −  and unblockrd −  are determined by unblocktc −  and unblocktc − , respectively.  

Therefore, considering the probability of the occurrence of blockage, the delay in a cycle 

for an approach with one short right-turn lane and an adjacent through lane is presented 

by Equation 46.  

 blockunblockunblockblock PdPdd −− ⋅+⋅=  (46) 

   

MODEL CALIBRATION AND EVALUATION  

To calibrate the proposed probabilistic model shown by Equation (46), the results 

obtained from it were compared with the outputs from calibrated simulation models. 

Field data from an intersection was collected where blockages were observed. The study 

intersection was located at South Virginia Street and Moana Lane in Reno, Nevada. 

Several lengths for the short right-turn lanes were simulated. The detailed information of 

the site characteristics and signal timing plan for the study movement are shown in Table 
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2 and Figure 10 respectively. The study short right-turn lane in the westbound approach 

can accommodate six vehicles before blockage occurs.  

Table 2 P.M. Signal Timing Plan for the Study Movement (sec) 

Cycle 
Length, 

Through 
Green, 

Startup 
Lost 

Time, 

Green 
Extend 

in 
Yellow, 

Effective 
Green, Yellow, All 

Red, 

Right 
Turn on 

Red, 

C ݃ ݐ௦ ݐ௘ ݃௜ Y ܴܣ RTOR 

103 38 2 2 38 3.5 0.5 permitted 

 

 

Figure 10 Geometry, lane configuration, volumes at intersection South Virginia Street/ 
Moana Lane 
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Delay Estimation with Proposed Model 

For purposes of analysis, it is assumed that 100% of vehicles are passenger cars and that 

the peak hour factor is equal to 1. Additionally, given the base saturation flow rate for the 

through lane is,   

1900=ts  ݈݌݄݌ݒ 

the saturation flow rate for the exclusive right-turn lane (5) is  

1615190085.0 =×=rs  ݈݌݄݌ݒ  

and the saturation flow rate for the single-lane right-turn is 

1795190094.0 =×=×= RTts fss  ݈݌݄݌ݒ 

where RTf is the adjustment factor (23), which is determined by  

RT

R
RT VV

V
f

+
×−= 135.01  (47) 

The two saturation flow rates for the right turns calculated above are applied in two-stage 

right-turn discharge. When green starts, right-turn vehicles originally queuing in the 

exclusive right-turn lane get discharged first at a saturation flow rate of  ܵ௥. After that, 

vehicles from the shared-lane section start to proceed. This portion of the right-turn 

traffic can be treated as discharging from a single lane, considering the interaction with 

through traffic. The saturation flow rate for it is calculated by ܵ௦.  
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Following the HCM procedures, the approach delay for no RTOR is calculated first. 

Under no RTOR,  

6.0
311449

449
=

+
=−NoRTORtP  

and then 

  4.01 =−= −− NoRTORtNoRTORr PP  

When blockage happens, the probabilities of right-turn blockage and through blockage 

under different short-lane lengths are determined in Table 3. 

Table 3 Probability of Right-Turn and Through Blockage in a Cycle under No RTOR                           
( 6.0=−NoRTORtP ) 

N Right-turn Blockage Through Blockage SUM 
1 0.352 0.648 1 
2 0.317 0.683 1 
3 0.29 0.71 1 
4 0.267 0.733 1 
5 0.247 0.753 1 
6 0.229 0.771 1 
7 0.213 0.787 1 
8 0.199 0.801 1 
9 0.186 0.814 1 
10 0.174 0.826 1 

To determine probability of un-blockage in a cycle, the Poisson distribution was 

assumed, which has  
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tλ = 8
3600

65449
3600

=
×

=× r
T

tV , and 

6=rλ . 

The probabilities of the short-lane not being blocked under various short-lane lengths are 

presented in Table 4. The probability of being blocked can be easily calculated, given the 

sum of un-blockage and blockage probabilities equaling to one under each circumstance.  

Table 4 Probability of Un-Blockage in a Cycle under No RTOR ( 8=tλ , 6=rλ ) 

N 1 2 3 4 5 6 7 8 9 10 

Probability 0.000 0.001 0.006 0.028 0.085 0.190 0.337 0.502 0.656 0.781

 

When RTOR is permitted, according to the HCM procedures, the RTOR volume should 

be subtracted from the total right-turn volume before the delay analysis. For an existing 

intersection, this volume can be collected from the field. In this case, in order to make the 

analytical model outputs comparable to the SimTraffic simulation results, the RTOR 

volume of 176 vph provided by HCM report from Synchro was utilized. After excluding 

the RTOR traffic,  

8.0
135449

449
=

+
=−RTORtP  

and 
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  2.01 =−= −− RTORtRTORr PP  

Table 5 Probability of Right-Turn and Through Blockage in a Cycle under RTOR (
8.0=−RTORtP ) 

N Right-turn Blockage Through Blockage SUM 
1 0.104 0.896 1 
2 0.058 0.942 1 
3 0.033 0.967 1 
4 0.020 0.980 1 
5 0.012 0.988 1 
6 0.007 0.993 1 
7 0.004 0.996 1 
8 0.003 0.997 1 
9 0.002 0.998 1 
10 0.001 0.999 1 

Table 6 Probability of Un-Blockage in a Cycle under RTOR ( 8=tλ , 2=rλ ) 
N 0 1 2 3 4 5 6 7 8 9 10 

Probability 0.000 0.001 0.009 0.036 0.094 0.188 0.312 0.452 0.592 0.717 0.816 

Using the probabilities provided above, the approach delays for different short-lane 

lengths can be estimated with Equation (46) developed in this study. Table 3 and Table 4 

are used to calculate no RTOR situations, while Tables 5 and 6 are for RTOR.   

By using Equation (46), average delays per vehicle under different short-lane lengths can 

be calculated, which are plotted in Figure 11. As shown in Figure 11, delay results under 

both types of right-turn treatments monotonically decrease as the short-lane lengths 

increase. The difference between the delays under the two types of right-turn regulations 

decreases as the short lane length increases, indicating that the intersection can benefit 

more from RTOR when the lane length is not sufficient for the traffic condition. When it 



54 

 

  

increases to the length which can hold eight vehicles, the two curves tend to either 

maintain a constant value or change slightly until they finally converge at an N equal to 

10. This demonstrates that after providing sufficient space for queuing vehicles in the 

right-turn lane, there will not be any further reduction by extending that lane in terms of 

delay. It is also noticed that the circumstance under no RTOR has larger variation than 

that under RTOR when the length of the short lane is shorter. This is because under no 

RTOR, when the short-lane length is smaller than five, the right-turn lane and its adjacent 

through suffer over-saturation (v/c > 1). When the lane is oversaturated, its delay increases 

substantially. It also suggests that by switching to RTOR, delay decreases significantly 

especially when the right-turn lane is short.  

 

Figure 11 Delay under different lengths for short-lane impact area 

 

 

 

0
20
40
60
80

100
120

0 2 4 6 8 10 12A
ve

ra
ge

 D
el

ay
 (v

eh
/s

ec
)

Lenght of Short Right-Turn Lane, N (#veh)

No RTOR RTOR



55 

 

  

Proposed Model Calibration and Validation 

A microscopic simulation model was constructed in SimTraffic (24) based on the data 

collected from the field. Driver behavior, traffic characteristics, vehicle features, and 

control delay for the short right-turn in SimTraffic were adjusted to match the field data. 

The calibrated simulation model could then be utilized to calibrate the proposed model 

and then to verify the validity of it. Multiple runs are needed in each scenario to avoid 

significant variations.  

When using the calibrated SimTraffic model to calibrate the proposed model, different 

short turn-lane lengths were simulated. Twenty simulation runs were assigned to each 

scenario, with a 5-minute warm-up time and 15-minute analysis period. The resulting 

simulation delays were collected and plotted in Figure 12 and Figure 13. Also, the 

estimated delays calculated by Equation (46) and HCM procedures were also presented in 

Figures 12 and 13. It should be noted that these two figures only show outputs for short-

lane length longer than 4 vehicles, which is because the study approach was over-

saturated when the lane is shorter. Under the congested situation, initial queue delay can 

cause great total delay with large variation in SimTraffic, and the longer the analysis 

period, the larger the delay will grow (25). Also, each simulation model makes different 

assumptions about what happens during congestion, which makes it difficult to compare 

delays for congested movements.  



56 

 

  

  

Figure 12  Approach delay comparison for no right turn on red 

 

Figure 13  Approach delay comparison for right turn on red 

From Figures 12 and 13, it can be seen that delay calculated by Equation (46) (denoted as 

“Model” in the figures) decreases while the length of right-turn lane increases. The same 

trend was observed from the simulation outputs under both types of right-turn treatments. 

On the other hand, the constant values maintained by the HCM model reflect its 

limitation of not considering short lane blockage. Under both circumstances, delay seems 
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to be overestimated by the proposed model and underestimated by the HCM model when 

sufficient short-lane length is not provided. The higher delay estimated by the proposed 

model might be due to the assumption that blockage happens in every cycle, which is not 

the case in the simulation models and from the field observation. Another possible reason 

could be the assumption of equal traffic distribution on two through lanes in the study 

approach. In reality, this does not happen all the time. It was observed in the field that 

when right-turn blockage happened, some through vehicles would switch to the left 

through lane to join a short queue in that lane, thus through traffic in the short-lane 

impact area decreased and fewer vehicles were impacted by the blockage. Thus, the 

simulation outputs tend to be smaller than the proposed model results.  

Generally, the outputs from the proposed model match the simulation outputs better than 

the HCM by reflecting the short-lane length impact on delays. The correspondence 

between the two suggests the validity and effectiveness of the proposed model in 

reflecting the delay increase due to short-lane blockage, which is not considered by the 

HCM.  

Despite its capability in reflecting the short-lane blockage, in order to be able to better 

estimate delay, the proposed model needs to be calibrated. The outputs from both 

analytical and simulation models are acquired to perform the calibration. Linear, second-

order polynomial, exponential, and logarithmic equations were used to fit the data from 

the twelve scenarios. The results are shown in Table 7.  
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To further examine if the fitted values are good estimates for the simulation outputs, and 

realizing that the data sets were collected under related circumstances, a paired-T test was 

performed. The null hypothesis and alternative hypothesis are stated as following:   

Ho: Difference between the analytical model output and SimTraffic output under each 

scenario equals to 0. 

Ha: Difference between the analytical model output and SimTraffic output under each 

scenario does not equal to 0. 

Given the large P-values shown in Table 7, the paired-T test failed to reject the null 

hypothesis. In other words, the difference between the outputs from the simulation and 

calibrated analytical models under each scenario is not statistically significant.  

Table 7 Comparisons of Approach Delay Estimates from Fitted Models and Simulation 
Models (Unit: sec/veh) 

  N Simulation Linear Polynomial Exponential Logarithmic

No 
RTOR 

5 35.6 34.44 35.15 34.47 34.06 
7 30.1 31.89 31.38 31.76 31.98 
8 29.3 29.75 29.27 29.67 29.93 
9 29.2 28.63 28.54 28.62 28.70 
10 29.2 28.26 28.35 28.28 28.26 

full lane 28.8 27.86 28.18 27.92 27.76 

RTOR 

5 30.1 29.97 29.44 29.87 30.15 
7 28.5 28.90 28.69 28.87 29.01 
8 28.4 28.67 28.56 28.66 28.74 
9 28.3 28.59 28.51 28.58 28.64 
10 28.3 28.37 28.41 28.39 28.39 

full lane 26.8 27.25 27.99 27.38 26.98 
t-stat -0.007 -0.055 -0.042 0.000 

P-value 0.995 0.957 0.968 1.000 
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All the models shown in Table 7 have shown strong evidence to not reject the null 

hypotheses. Linear relationship is chosen to calibrate the proposed QAP model 

considering its simplicity. The calibrated QAP model can be generalized as: 

d= λ+ρ*p  (48) 

where, d is the average delay for the approach with short right-turn lane and p is the 

analytical model output provided by Equation (46). The coefficients of the model need to 

be identified according to the traffic characteristics at study intersections. For the study 

site in this dissertation, λ=18.097 and ρ=0.3377. The regression line for the model is 

shown in Figure 14. 85.5% of the variance of the simulation outputs can be explained by 

the variance of the analytical outputs.  

 

Figure 14 Proposed probabilistic model calibration 

The effectiveness of the calibrated model in estimating short-lane approach delay is 
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better estimate than the HCM, which is about half of the difference between the HCM 

and simulation models. It is expected that the probabilistic model tends to overestimate 

the approach delay due to the blockage assumption stated earlier. The smaller estimate 

given by the HCM demonstrates its neglect of short-lane impact and delay caused by 

RTORs.  

Table 8 Comparison of Approach Delay Estimates from Probabilistic Model and 
Simulation Model for the Field Scenario (Unit: sec/veh) 

Model Simulation Probabilistic HCM 
Output 28.60 29.41 27.10 

Difference 0.81 -1.50 

 

SUMMARY 

This chapter proposed an analytical probabilistic model to estimate approach delay at 

signalized intersections with short right-turn lanes. The proposed model overcomes some 

of the limitation of current procedures in the HCM 2000 by considering the probability of 

blockage occurrence at short lanes with different lengths. The model is also capable of 

handling delay estimation for intersection approaches with RTORs. To calibrate and 

validate the model, a microscopic simulation was constructed and calibrated with 

information collected from actual intersection field data. Based on the analyses conducted 

in this research effort, the following conclusions were drawn: 

• The proposed model was validated and deemed effective in not only estimating 

the approach delay at signalized intersections with short right-turn lanes but also 
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reflecting the impact of the short-lane length on approach delays with or without 

RTOR based on validation using the SimTraffic simulation models; and 

• The proposed model provides an improved approach to estimating delay based on 

various lengths of short right-turn lanes and traffic volumes.  

Using the proposed model, the following findings were discovered: 

• The RTOR regulation can reduce the over-saturation problem and approach delay 

substantially, especially when the short-lane length is insufficient to accommodate 

the queuing vehicles;  

• Delays estimated by the proposed model decreased as the lengths of right-turn 

lanes increased, which matched the trend of simulation outputs. However, this 

trend was not observed in HCM outputs, indicating a limitation of the current 

HCM procedure; and 

• Short turn-lane length imposes a strong influence on delay estimation, which 

makes it a critical factor in determining intersection LOS.  

Despite the improvement made to the traditional HCM models, there are some limitations 

of the probabilistic model. When dealing with the right turn on red, the proposed model 

simply exclude RTOR traffic by following the HCM recommendations for an existing 

intersection. By doing so, it is assumed that there is no delay associated with RTOR. In 

the field, however, it is not the case. During the red interval, right turns can only proceed 

after making a full stop. The deceleration and acceleration involved will definitely cause 

delay for the right turns. Also, the discharge rate of RTOR traffic is subject to many 
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traffic conditions. The model presented in Chapter 4 will take these traffic conditions into 

consideration by using departure and arrival curves to analyze the delay for short right-

turn lanes. 
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CHAPTER 4:  

SHORT-LANE DELAY MODELING– QUEUE 

ACCUMULATION POLYGON MODEL 

The proposed model developed in this chapter is based on queuing theory. Queue 

accumulation polygon (QAP) is the major tool utilized in this methodology. Similar to 

the probabilistic model proposed in Chapter 3, The QAP model is also capable of 

handling the short lane blockage and right turn on red. In addition, it can provide better 

estimate by calculating the delay caused by RTOR given various right-turn arrival and 

departure patterns under different signal timing schemes. By incorporating the RTOR 

discharge information, the model can overcome the major shortcoming of right-turn delay 

calculation in HCM which directly removes the RTOR from the analysis.  

 

IMPACT OF SIGNAL TIMING STRATIGIES ON RIGHT-

TURN DELAY   

As stated previously, there are two types of right-turn regulations at signalized 

intersections: no RTOR and RTOR. With no RTOR, right-turn traffic can only discharge 

during the green interval. The QAP shown in Figure 15 can be used to calculate the 

uniform delay for the right-turn traffic in this situation.   
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Figure 15 An illustration of uniform delay for right turns (No RTOR) 

On the other hand, when right turn on red is permitted, right-turn vehicles can discharge 

whenever the traffic situation permits. According to the HCM, the number of vehicles 

able to discharge during the red depends on the following factors: (1) lane allocation 

(shared or exclusive right-turn lane), (2) right-turn demand, (3) sight distance, (4) degree 

of saturation of the conflicting through traffic, (5) arrival patterns over the signal cycle, (6) 

left-turn signal phasing on the conflicting street, and (7) pedestrians. Generally, the right-

turn discharge is processed in two stages. In the first stage, during the red interval, 

vehicles can turn right under permitted situation after first coming to a stop and then 

accepting a gap in the intersecting traffic. In the second stage, during the green interval, 

right-turn vehicles discharge during the protection of the green phase. A two-stage 

discharge procedure for right turns is shown in Figure 16. Due to the fact that the right-

turn saturation flow rate of the approach varies with the conflicting traffic from other 

approaches of the intersection,  ܵோ்ைோ and ܵ௥ are used to denote the saturation flow rates 

during red and green intervals respectively.  
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Figure 16 An illustration of uniform delay for right turns (RTOR) 

Generally speaking, right-turn traffic discharging during the red can be influenced by 

three phases at the intersection. Inspired by a study conducted by Qureshi (26), the signal 

timing phases can be classified into four categories regarding the study right-turn 

movement. As depicted in Figure 17, the westbound right turn denoted by “RT” is the 

study movement. When RTOR is permitted, “RT” can only have conflict with two 

movements: (1) the eastbound left turn movement from the opposing approach denoted 

by “O” and (2) the northbound through movement on the crossing street denoted by “C”. 

All the movements which conflict with the study right-turn traffic are depicted simply in 

Figure 18. When the left-turn movement “O” is protected by the signal, the right-turn 

vehicles from movement “RT” can only discharge when the gaps on this left-turn stream 

permit. When green is given to the through traffic “C”, the right-turn vehicles can only 

discharge by accepting the gaps created by this through movement. The rest of the 

movements at the intersection do not conflict with “RT”, thus their traffic conditions do 

not influence the discharge of the right-turn vehicles. When they are given the green, 

vehicles with the “RT” movement can discharge freely after a full stop at the intersection. 
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To simplify the signal timing phases for the “RT” movement, all these non-conflicting 

movements can be named as “N”.   

C

O

RT*

N

NN

N
N

 

Figure 17 Simplified movements at an intersection with right turn on red 
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Figure 18 Conflicting movements with right turn on red traffic 

 

Applying this logic, for the study right-turn traffic, any signal timing plan can be 

translated into a simplified timing plan which consists of the four phases defined above. 

Take the intersection shown in Figure 17 as an example, where the study right turn is on 

the westbound approach and the crossing street is a north-south street, then the possible 

phasing sequences can be described as follows: 
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(1) For the north-south street (intersecting street), the following sequences are 

possible: 

Table 9 Possible Phasing Sequences for Simplified Signal Timing Plans for the 
North/South Movements  

Traditional Signal Phasing 

Sequence 

Simplified Signal 

Phasing Sequence 
Description 

 

N+C 

non-conflicting  

movement followed by 

conflicting through 

movement 

 

C+N 

conflicting through 

movement followed by 

non-conflicting  

movement  

 

C 
Conflicting movement is 

protected 

 

N 
Non-conflicting 

movement is protected 
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(2) For the east-west street, where the study approach is at, the following sequences 

are possible: 

Table 10 Possible Phasing Sequences for Simplified Signal Timing Plans for the 
East/West Movements 

Traditional Signal Phasing 

Sequence 

Simplified Signal 

Phasing Sequence 
Description 

 

O+RT 

The opposing left turn 

followed by the through 

from study approach 

 

RT+O 

The through from study 

approach followed by 

the opposing left turn 

 

RT 
Through from the study 

approach is protected 

 
O 

The opposing left-turn 

is protected 

Here, it is assumed the study right-turn movement discharges concurrently with its 

adjacent through movement.  
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By combining the possible phasing sequences listed above, there are 16 possible 

scenarios of simplified signal timing plans for the RTOR at signalized intersections, 

which are shown in Table 11. Corresponding QAPs are developed in the next section. 

Table 11 All Possible Signal Timing Plans at Signalized Intersections with RTOR 
Four phase signal plan Three phase signal plan Two phase signal plan 

N+C+O+RT, O+N+C+RT, 

C+N+O+RT, O+C+N+RT 

N+C+RT, N+O+RT,  

C+O+RT, O+C+RT, 

C+N+RT, O+N+RT, 

C+O+N, O +C+N, 

C+RT , N+ RT, C+O,  

O+N 

PROPOSED QAP UNIFORM DELAY MODEL  

Delay QAPs for Right Turns without Considering Through Blockage 

Based on the scenarios summarized in Table 11, QAPs can be developed to calculate the 

uniform delay for each scenario. Following the format of QAPs in the HCM, QAPs 

developed in this study will start with queue accumulating phases and end with queue 

discharging phases. Also, it is assumed that there is no queue at the end of each cycle. 

Figures 19, 20, and 21 depict the arrival-departure illustrations for possible four-phase, 

three-phase, and two-phase signal timing plans at any signalized intersection under the 

assumption that right-turn lanes are not short lanes, in other words, there is no blockage 

at the approach. During phases C and O, conflicting movements are protected by the 

signal light, such that the study right-turn traffic can only discharge when sufficient gaps 

are created in the protected streams. Thus, it is very likely that right-turn traffic is stopped 
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for some time in the phase. On the contrary, during phases N and RT, there is no vehicle 

conflicting with the study movement, thus right-turn traffic can discharge from the 

beginning of the phases. During the red interval, right-turn vehicles can only make turns 

after full stops at the stop line, which is not required during the green interval.  As shown 

in Figures 19, 20, and 21, various discharging flow rates during each phase are assumed, 

which are SO, SC, SN,  and SୖT representing the right-turn departure rates for Phases O, C, 

N, and RT, respectively. Meanwhile, ோܸ is the arrival rate for the right-turn lane and it 

follows a uniform distribution.  

 

Figure 19 An illustration of uniform delay for right turns at signalized intersections with 
four-phase simplified timing plans 
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Figure 20 An illustration of uniform delay for right turns at signalized intersections with 
three-phase simplified timing plans 
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Figure 21 An illustration of uniform delay for right turns at signalized intersections with 
two-phase simplified timing plans 
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Delay QAPs for Right Turns Considering Through Blockage 

When RTOR is permitted, right-turn vehicles can discharge during the red, thus through 

blockage is more likely to happen. It can happen in any phase in a cycle. It is commonly 

seen during the red interval when the through vehicles are stopped from discharging. It 

can also be seen in the green interval, when vehicles are forced to decelerate due to the 

queue in front of them. Since the blockage occurring in the green can be cleared in a very 

short time, the delay caused by it would be relatively small. Thus, for the purpose of 

simplification, this study does not consider blockage occurring during the green interval. 

When through blockage occurs, right-turn vehicles are being blocked by the through 

traffic from entering the short right-turn lane, thus the capacity provided by the RTOR 

regulation is not utilized under this circumstance. When through blockage occurs, right-

turn vehicles which are blocked can only discharge after the adjacent through start to 

discharge.  

Taking signal timing plan “N+C+O+RT” as an example, the QAPs for calculating 

uniform delay for the right-turn traffic when through blockage occurs are shown in 

Figure 22.  It depicts the scenarios of through blockage occurring in each stage of the red 

interval. As shown in Figure 22(a), the queue formed by the through vehicles during 

Phase “N” is long enough to block the short-lane entrance, thus right-turn vehicles 

arriving after the through “blockage vehicle” (a vehicle which blocks the entrance to the 

right-turn lane) are not able to enter the short lane during the red. These right-turn 

vehicles can only discharge after green starts and the blockage vehicle moves away from 

the entrance to the through lane. Right-turn vehicles which arrived before the blockage 
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vehicle can discharge during the red if traffic condition permits. Figures 22 (b) and (c) 

show the scenarios of through blockage occurring during Phase “C” and Phase “O” 

respectively. Figure 22 (d) shows the situation of having no blockage during the entire 

cycle. For all the cases shown in Figure 22, even though RTOR is allowed, the right-turn 

vehicles which arrive after the blockage vehicle need to wait in the shared lane until the 

entrance is open again.  

 

Figure 22 An example of QAPs for through blockage 

Delay QAPs for Adjacent Through Traffic Considering Right-Turn Blockage 

When short right-turn lanes exist, both right-turn blockage and through blockage can 

happen. Assuming all through vehicles arriving at the approach can enter into the 
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intersection at the end of the cycle, the possible cases of right-turn blockage are shown in 

Figure 23. In Figure 23 (a), there are through vehicles accumulated in the short-lane 

section before right-turn blockage occurs. These through vehicles start to discharge as 

soon as the green indication is given to this movement. However, since the right-turn 

vehicle block the through vehicles from entering the through lane, a big gap can be 

created in the through flow, which forms discontinuous flow and thus increases the delay. 

In Figure 23(b), there is no through traffic queuing in the short-lane section before the 

right-turn blockage occurs. Through vehicles which arrive during the red interval have to 

wait in the shared-lane section until the right-turn vehicles causing blockage move away 

from the short-lane entrance. In this scenario, the through traffic discharges continuously.  

Both Scenarios shown in Figure 23(a) and (b) have greater delay comparing with the case 

without blockage shown in Figure 23(c).   

 

Figure 23 An illustration of uniform delay for through traffic considering right-turn 
blockage  

 

Analytical Model Based on QAPs 
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Following the format of QAP shown in Figure 5, the QAPs shown in Figures 22 and 23 

are transformed to be Figure 24 and 25 to help with deriving the formulae to estimate 

uniform delay. In these plots, the y-axes show the number of right-turn vehicles 

accumulated at the approach at any time during a cycle and the x-axes show the time. 

According to the HCM, the total uniform delay in a cycle is defined by the area of the 

polygon, which is formed by the arrival and departure curves.  

Through delay derived from the QAPs 

Three possible scenarios of vehicle discharging from through lanes are shown in Figure 

24. Based on the illustrations in Figure 24, the delay for each scenario can be calculated 

by the equations below: 

=ሺ௔ሻܦ
ଵ
ଶ

ሾݐோܳோ ൅ ஽ீሺܳோ൅ܳ஽ீሻݐ ൅ ஻ሺܳ஽ீ൅ܳீ஻ሻீݐ ൅  ஻ሿ (49)ீܳீݐ

=ሺ௕ሻܦ
ଵ
ଶ

ሾݐோܳோ ൅ ஻ሺܳோ൅ܳீ஻ሻீݐ ൅  ஻ሿ (50)ீܳீݐ

= ሺ௖ሻܦ
ଵ
ଶ

ሾݐோܳோ ൅  ோሿ (51)ܳீݐ

where, 

 ;ோ = the time period for the red intervalݐ

 ஽ீ = the time period for through vehicles to discharge in the green interval, whenݐ

through lane is blocked by the right-turn vehicle; 
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஻ீݐ  = the time period during which through vehicles are blocked in the green 

interval; 

  ;the time period for the green interval = ீݐ

ܳோ = the number of vehicles in queue at the end of red interval (ݐோሻ; 

ܳ஽ீ = the number of vehicles in queue at the end of time ݐ஽ீ ; and 

ܳீ஻ = the number of vehicles in queue at the end of time ீݐ஻. 
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Figure 24 Alternative QAPs for the example of right-turn blockage in Figure 23 
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Right­turn delay derived from the QAPs 

Similarly, the QAPs for the possible scenarios of through blockage are shown in Figure 

23 and the equations are summarized below: 

=ሺ௔ሻܦ
ଵ
ଶ

ሾݐ஽ேܳ஽ே ൅ ௌேሺܳ஽ே൅ܳௌேሻݐ ൅ ௌ஼ሺܳௌே൅ܳௌ஼ሻݐ ൅ ௌைሺܳௌ஼൅ܳௌைሻݐ ൅

஻ሺܳௌை൅ܳீ஻ሻீݐ ൅  ோ்ܳீ஻ሿݐ
(52) 

=ሺ௕ሻܦ
ଵ
ଶ

ሾݐ஽ேܳ஽ே ൅ ௌேሺܳ஽ே൅ܳௌேሻݐ ൅ ஽஼ሺܳௌ஼൅ܳ஽஼ሻݐ ൅

ௌைሺܳௌ஼ଶ൅ܳௌைሻݐௌ஼ଶሺܳ஽஼൅ܳௌ஼ଶሻ൅ݐ ൅ ஻ሺܳௌை൅ܳீ஻ሻீݐ ൅  ோ்ܳீ஻ሿݐ
(53) 

ሺ௖ሻܦ        ൌ
1
2 ሾݐ஽ேܳ஽ே ൅ ௌேሺܳ஽ே൅ܳௌ஼ሻݐ ൅ ஽஼ሺܳௌ஼൅ܳ஽஼ሻݐ

൅ ஽ைሺܳௌை൅ܳ஽ைሻݐௌைሺܳ஽஼൅ܳௌைሻ൅ݐ

൅ ஻ሺܳௌைଶ൅ܳீ஻ሻீݐௌைଶሺܳ஽ை൅ܳௌைଶሻ൅ݐ ൅ ோ்ܳீ஻ሿݐ  

(54)  

 

=ሺௗሻܦ
ଵ
ଶ

ሾݐ஽ேܳ஽ே ൅ ௌேሺܳ஽ே൅ܳௌ஼ሻݐ ൅ ஽஼ሺܳௌ஼൅ܳ஽஼ሻݐ ൅

஽ைሺܳௌை൅ܳ஽ைሻݐௌைሺܳ஽஼൅ܳௌைሻ൅ݐ ൅ ோ்ܳ஽ைሿݐ  
(55) 

where, 

 ;”஽ே = the time period for queue to discharge in Phase “Nݐ

 ;”ௌே = the time period for queue to discharge in Phase “Nݐ

 ;”ௌ஼ = the time period for queue to discharge in Phase “Cݐ

 ;”஽஼ = the time period for queue to discharge in Phase “Cݐ

 ;஽஼ݐ ௌ஼ଶ = the time period for queue to discharge in Phase “C” afterݐ
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 ;”஽஼ = the time period for queue to discharge in Phase “Cݐ

 ;”ௌை = the time period for queue to discharge in Phase “Oݐ

 ;”஽ை = the time period for queue to discharge in Phase “Oݐ

 ;஽ைݐ ௌைଶ = the time period for queue to discharge in Phase “O” afterݐ

 ;”஻ = the time period for queue to discharge in Phase “RTீݐ

 .”ோ் = the time period for queue to discharge in Phase “RTݐ

ܳ஽ே = the number of vehicles in queue at the end of time ݐ஽ே; 

ܳௌே = the number of vehicles in queue at the end of time ݐௌே ; 

ܳௌ஼ = the number of vehicles in queue at the end of time ݐௌ஼; 

ܳ஽஼ = the number of vehicles in queue at the end of time ݐ஽஼; 

ܳௌ஼ଶ = the number of vehicles in queue at the end of time ݐௌ஼ଶ ;  

ܳ஽஼ = the number of vehicles in queue at the end of time ݐ஽஼ ;  

ܳௌை = the number of vehicles in queue at the end of time ݐௌை; 

ܳ஽ை = the number of vehicles in queue at the end of time ݐ஽ை; 

ܳௌைଶ = the number of vehicles in queue at the end of time ݐௌைଶ; and 

ܳீ஻ = the number of vehicles in queue at the end of time ீݐ஻. 
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Figure 25 Alternative QAPs for the example of through blockage in Figure 22 
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All the variables defined in equations for calculating both through and right-turn delay 

can be collected in the field. Based on the equations above, the average delay of each 

scenario can be calculated by 

Average delay =  ஽೔
௏ೕ஼

 (56) 

where, 

௜ܦ  = the total delay in the i th scenario, i can be Scenario 1,2, and 3 for the 

through delay and a, b, c, and d for the right-turn delay;  

௝ܸ = the flow rate for the vehicle arrival, and j=R or T. ோܸ = right-turn flow rate 

(vph) and ்ܸ  = through flow rate (vph); and 

 ;Cycle length (sec) = ܥ

QAP model for both through and right­turn delay 

Generally, the number of vehicles in queue at time t can be described as ܳሺݐሻ, which is 

shown by the y-axis. The total delay in a cycle can be calculated by the area under the 

arrival curves, which is 

Total delay = ׬ ܳሺݐሻ஼
଴ ݀ሺݐሻ (57) 

, and the average delay for either right-turn or through vehicles in a cycle is determined 

by the total delay divided by the total vehicles arriving in that cycle, which is 
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Average delay =  ׬
ொሺ௧ሻ಴

బ ௗ௧

׬ ௏ೕ
಴

బ ௗ௧
 

           

(58) 

According to the Equation (58), the average delay at a specific time is determined by the 

total number of vehicles in queue and all vehicles arriving at the approach before that 

specific time.  

Identify Model Parameters  

According to the proposed model, the average delay depends on the number of vehicles 

in queue and the total arrivals in a cycle. They are determined by the arrival rates, 

departure rates, queue discharging time in each phase, the length of each phase, and the 

signal timing strategies. Arrival rate is normally determined from the flow rate, which 

can be collected in the field. Here it is assumed that the arrival pattern is uniform, thus 

the vehicle arrivals maintain the same rate during the cycle. It is noticed that the right-

turn volume considered in the QAP model is the total volume without reduction for 

RTOR. The signal timing data can be also collected from the field. Except for 

discharging rate, parameters which are needed in the proposed model can be easily 

collected in the field.  

Discharging rate 

Discharging rate is the flow rate at which vehicles leave the approach and enter the 

intersection. Given that RTOR is permitted at the intersection, right-turn movement can 

have different discharging rates in the green interval and red interval. Furthermore, in the 
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red interval, due to the traffic condition, right turn will proceed at different flow rate for 

red phases N, C, and O.  

(1) Discharging flow rate during the green 

The discharging flow rate during the green can be determined by the saturation flow rate 

provided by the HCM.  

ݏ ൌ ଴ܰݏ ௪݂ ு݂௏ ௚݂ ௣݂ ௕݂௕ ௔݂ ௅݂௎ ௅்݂ ோ்݂ ௅݂௣௕ ோ݂௣௕ (59) 

where 

 ;saturation flow rate for the study lane group (veh/h) = ݏ

 ;଴ = base saturation flow rate per lane (pc/h/ln)ݏ

ܰ = number of lanes in lane group; 

௪݂ = adjustment factor for lane width; 

ு݂௏ = adjustment factor for heavy vehicles; 

௚݂ = adjustment factor for approach grade; 

௣݂ = adjustment factor for parking; 

௕݂௕  = adjustment factor for blocking effect of local buses that stop within 
intersection area; 

௔݂  = adjustment factor for area type; 

௅݂௎ = adjustment factor for lane utilization; 

௅்݂ = adjustment factor for left turns in lane group; 

ோ்݂ = adjustment factor for right turns; 

௅݂௣௕ = adjustment factor for pedestrians impact to the left-turn movements; and  
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ோ݂௣௕  = adjustment factor for pedestrian-bicycle impact to the right-turn 
movements; 

 

(2) Discharging flow rate during the red 

During phase C, the through movement from the crossing street (which is on the left side 

of the study right turn) is protected by the signal light, and the right-turn traffic can only 

discharge when the gaps in the traffic stream are sufficient. The discharging flow rate can 

be determined by the gap acceptance theory. Similarly, during phase O, the signal 

indication gives protection to the left-turn vehicles from the opposite approach which 

conflict with vehicles from the study right-turn lane. For these two circumstances, RTOR 

was treated as vehicles turning right from a minor street onto a major street at an 

intersection controlled by stop sign, as done by some researchers (27,19), so that HCM 

procedures for unsignalized intersections can be applied to them. The available models to 

calculate discharging rate for the study right-turn movement are: 

Luh and Lu (27) model: 

ݏ ൌ
3600

௙ݐ
݁ି

௏೎ሺ௧೒ି଴.ହ௧೑ሻ
ଷ଺଴଴  

(60) 

Virkler and Maddela (19) model:  

ݏ ൌ
3600

௙ݐ
݁ି

௏೎ሺ௧೒ି଴.ହ௧೑ሻ
ଷ଺଴଴ െ

3600
௙ݐ

݁ି
௏೎ሺ௎ି଴.ହ௧೑ሻ

ଷ଺଴଴  
(61) 

Stewart and Hodgson model (28): 
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ݏ ൌ 849.82݁ି଴.଴଴ଵଶଽ௏೎ െ 31 (62) 

where 

௖ܸ = flow rate of the conflicting stream (veh/h); 

  ௚ = critical gap (sec); andݐ

 .௙ = follow-up time for the right-turn-on-red movement (sec)ݐ

 

Virkler and Maddela (19) found their model (Equation (61)) would underestimate the 

departure rate while Luh and Lu’s model (Equation (60)) would overestimate it. 

Therefore, the model proposed by Stewart and Hodgson was utilized by Mohammad 

Qureshi (29) to develop the delay model for right-turn lanes with the consideration of 

RTOR. This model is also adopted in this study. 

On the other hand, during phase N, there is no vehicle conflicting with the study 

movement, thus right-turn traffic can discharge from the beginning of the phase.  Due to 

the fact that phase N is part of the red interval, right-turn vehicles can only make turns 

after full stops at the stop line during this phase.   

MODEL CALIBRATION AND EVALUATION  

The same set of data collected from the existing intersection at South Virginia Street and 

Moana Lane in Reno, Nevada used in Chapter 3 was used in this chapter to calibrate and 

validate the proposed QAP model.   

Estimate Delay with Proposed Model 
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For the study right-turn movement, the signal timing phases for the intersection can be 

denoted by “N”, “C”, and “O”, which were defined previously. An illustration of the 

alternative timing phases at the study intersection is shown in Figure 26. Correspondingly, 

the signal timing plan is shown in Figure 27.  

Moana Lane

S
ou

th
 V

irg
in

ia
 

S
tre

et

NNNN

O
N
N

RT

N N C C C

 

Figure 26 An illustration of alternative signal timing phases for study right-turn 
movement 

 

Figure 27 Alternative signal timing phase diagram for study right-turn movement 
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For purposes of analysis, it is assumed that 100% vehicles are passenger cars, and that the 

peak hour factor is equal to 1. Given the base saturation flow rate for the through lane is 

݈݌݄݌ݒ 1900 , the saturation flow rate for the right-turn traffic in each phase can be 

calculated according to its various traffic characteristics during the red interval.  

The saturation flow rate for the exclusive right-turn lane during the green is 

1615190085.0 =×=RTs  ݈݌݄݌ݒ 

Using the empirical value provided by the HCM for follow-up time, the saturation flow 

rate for the right turn during Phase N can be calculated as  

10913.3/3600/3600 === fN hs  ݈݌݄݌ݒ 

The saturation flow rates for the right turns during Phase C and O are determined by 

Equation (63) 

ݏ ൌ 849.82݁ି଴.଴଴ଵଶଽ௏೎ െ 31 (63) 

where Vୡ is the conflicting volume for the right turn on red during Phase C and O, which 

are 893 vph and 122 vph, respectively, according to the data collected from the field.  

Proposed Model Calibration 

In Chapter 3, a microscopic simulation model was constructed and calibrated with the 

data collected from a real-life intersection at South Virginia Street and Moana Lane in 

Reno, NV. In this Chapter, this same calibrated simulation model was utilized to collect 

data which are needed for calibrating the proposed QAP model. There are mainly two 
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advantages of doing this.  Firstly, it could be really costly to collect detailed information 

about queue discharging and piling from the field. Second, certain traffic condition is 

fixed at the intersection, thus various scenarios can only be conducted in a simulation 

environment. Multiple runs are needs in each scenario to avoid significant variations.  

When using the SimTraffic software to calibrate the proposed model, a full-length right-

turn lane was constructed to substitute the short right-turn lane in the field. Various 

volumes were assigned to the study right-turn movement within the range of 311 vph (the 

real-life volume) to 411 vph, incrementing by 20 vph. Then six scenarios with only 

different right-turn volumes were created for simulation. Twenty simulation runs were 

assigned to each scenario, with a 5-minute warm-up time and 15-minute analysis period. 

The time periods during which the right turn on red vehicles could not enter the 

intersection in each phase were observed and collected from the simulation models as the 

inputs for the proposed QAP model. Using the analytical models proposed in this study, 

both through and right-turn delays of the study approach can be calculated. Considering 

the fact that the first cycles in the simulations are not full cycles, simulation data were 

collected from the second cycles. Within the 15-minute simulation time, data from five 

cycles were recorded and used to perform the calculation. The calculation results for the 

right-turn delay are shown in Table 12.  

Table 12 also shows the comparisons of right-turn delay outputs from the proposed QAP 

model and the SimTraffic simulation models for the six simulation scenarios. It is noticed 

that the results from the analytical model are always lower than those from the simulation 

model. This might be because the simulation models take into consideration the delay 
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caused by vehicle deceleration and lane change. Also, given the uniform arrival pattern 

for the through and right-turn vehicles assumed at the beginning of this chapter, the QAP 

model only reflect the uniform delay while the simulation incorporates all types of delays. 

Thus, it is very necessary to calibrate the analytical model output with the simulation 

outputs.  

Table 12 Comparisons of Right-Turn Delay Outputs from Analytical Model and 
Simulation Models (Unit: sec/veh) 

Vol. 
(vph) +0 +20 +40 +60 +80 +100 

Model Simul
ation 

Anal
ytical 

Simul
ation 

Anal
ytical 

Simul
ation 

Anal
ytical 

Simul
ation 

Anal
ytical 

Simul
ation 

Anal
ytical 

Simul
ation 

Anal
ytical 

1 10.2 7.34 11.8 8.75 10.7 8.95 13.5 9.15 13.3 8.27 14.0 9.53 
2 13.3 8.12 13.2 8.43 14.6 8.63 14.5 8.84 15.0 9.05 15.9 9.31 
3 14.7 7.78 17.2 8.26 16.0 8.50 19.6 8.52 25.7 8.94 28.1 9.18 
4 15.6 8.55 21.8 8.75 23.2 8.95 23.7 9.15 23.5 9.35 27.0 9.55 
5 14.4 7.89 15.2 8.34 17.3 8.47 17.7 8.32 19.3 7.62 30.8 9.30 
6 10.4 7.44 11.3 7.54 11.8 6.45 11.1 8.13 11.0 8.31 11.9 8.67 
7 16.4 8.09 15.1 8.50 14.1 8.40 14.9 8.48 15.0 8.49 14.5 8.70 
8 11.8 8.22 13.6 8.50 12.1 8.49 11.9 8.81 11.8 8.80 11.5 8.73 
9 16.3 8.55 16.4 8.75 17.3 8.95 16.2 9.15 15.5 9.35 15.6 9.55 

10 12.6 8.39 13.1 8.59 12.8 8.79 14.1 8.68 14.7 9.15 17.6 9.51 
11 11.7 5.26 12.4 7.60 10.5 7.89 11.2 9.15 11.0 9.35 13.3 9.55 
12 13.1 7.41 15.7 7.83 16.1 8.05 15.5 8.49 18.0 8.61 18.8 8.79 
13 13.3 6.96 13.3 7.88 14.9 7.86 15.1 7.91 14.5 8.17 15.0 8.54 
14 12.6 8.55 16.2 8.75 17.6 8.95 19.1 9.15 19.1 9.35 19.6 9.55 
15 15.4 8.26 13.5 8.50 13.0 8.24 13.3 8.46 15.7 9.00 15.9 9.21 
16 11.1 8.45 13.2 8.73 16.2 7.29 15.7 9.12 19.2 9.35 18.2 9.55 
17 16.4 8.42 18.6 8.65 19.2 8.82 19.2 9.02 18.9 9.22 18.8 9.43 
18 12.6 7.77 12.5 7.99 15.6 8.42 16.1 8.63 17.5 8.94 20.1 9.03 
19 12.5 8.55 14.3 8.75 15.3 8.95 14.2 9.15 16.0 9.35 15.6 9.55 
20 15.4 8.55 16.6 8.75 15.9 8.95 17.4 9.15 17.5 9.35 17.6 9.55 

Avg. 13.49 7.93 14.75 8.39 15.21 8.40 15.70 8.77 16.61 8.90 17.99 9.24 
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The averages of the outputs for both analytical and simulation models were calculated. 

Linear, second-order polynomial, exponential, and logarithmic equations were used to fit 

the paired data from the six scenarios. The results are shown in Table 13.  

A paired-T test was used to test if the fitted values are statistically different from the 

simulation data. The hypotheses are stated as following:   

Ho: Difference between the fitted model output and SimTraffic output under each 

scenario is equal to 0. 

Ha: Difference between the fitted model output and SimTraffic output under each 

scenario does not equal to 0. 

Table 13 Comparisons of Right-Turn Delay Estimates from Fitted Models and Simulation 
Models (Unit: sec/veh) 

Vol. (vph) Simulation Linear Polynomial Exponential Logarithmic 

+0 13.49 13.38 13.58 13.48 13.34 

+20 14.75 14.92 14.82 14.87 14.95 

+40 15.21 14.94 14.84 14.89 14.97 

+60 15.7 16.18 16.07 16.12 16.20 

+80 16.61 16.60 16.55 16.56 16.61 

+100 17.99 17.73 17.92 17.80 17.67 

t-stat 0.002 0.031 -0.072 0.006 

P-value 0.998 0.976 0.945 0.995 
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The paired-T tests failed to reject the null hypothesis, given the large P-values shown in 

Table 13. Since the linear model provides the strongest evidence to fail to reject the null, 

it is chosen to be the function used to calibrate the proposed QAP model. The calibrated 

QAP model can be generalized as: 

d= α+β*q (64) 

where, d is the average delay for the movement and q is the analytical outputs provided 

by Equation (58). The coefficients of the model need to be identified according to the 

traffic characteristics at study intersections. For the study site, α= -12.834 and β= 3.307. 

The regression line for the model is shown in Figures 28. The R-squared value is 0.9662, 

showing the effectiveness of the linear model. The trendline is in an upward trend, which 

indicates that right-turn delay increases as the right-turn volume increases.  

  

 Figure 28 Proposed QAP model calibrations 
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The delay for the right turns under the field scenario is estimated by using the model 

developed in the study. The results are shown in Table 14. The difference between the 

simulation output and analytical model estimate is 1.13 sec/veh, which is very small. 

Table 14 Comparison of Right-Turn Delay Estimates from Analytical Model and 
Simulation Models for the Field Scenario (Unit: sec/veh) 

Model Simulation Proposed Model 
Output 16.18 15.05 

Difference -1.13 

In the scenarios simulated in SimTraffic, right-turn blockages were not observed. Under 

this circumstance, the through delay can be depicted well by Figure 24(c) and calculated 

by Equation (3) or Equation (51). It is the case that the traditional HCM model can 

handle. In cases where right-turn blockages occur, Equations (49) and (50) developed in 

this chapter could be adopted to calculate the through delay. They also need to be 

calibrated with the field data before application. Given more relevant field data, this work 

could be completed by following the procedures which have been used for developing the 

QAP model for estimating right-turn delay.  

Considering all the movements in the approach where the study right-turn lane is located, 

average delays for the approach estimated by two types of analytical models were 

compared, and the results of this comparison are presented in Table 15. The HCM 

underestimates the approach delay by a larger number than the proposed models, which 

might be as a result of ignoring the delay caused by RTOR traffic and short-lane 

blockage. As stated in Chapter 3, the probabilistic model tends to overestimate the 

approach delay by 0.81 sec/veh.  
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Table 15 Comparisons of Approach Delay Estimate from QAP Model, Probabilistic 
Model, HCM, and Simulation Model for the Field Scenario (Unit: sec/veh) 

Model Simulation QAP Probabilistic HCM 

Output 28.60 27.41 29.41 27.10 

Difference -1.19 0.81 -1.50 

SUMMARY 

The queue accumulation polygons were utilized to develop uniform delay model for the 

through and right-turn traffic at approaches with a short right-turn lane. The proposed 

model takes into account the right turn on red by considering the various arrival and 

departure patterns of the traffic flows and possible blockage in each phase during a cycle. 

The study started with simplifying the signal timing phases with regard to the study right-

turn movement. All the movements from other approaches at the intersections can be 

classified to be three types of movements, which are O (opposing conflicting movement), 

C (crossing conflicting movement), and N (no-conflicting movement). According to the 

HCM, the areas under the polygons were calculated to determine the delay. All possible 

signal timing strategies were summarized and depicted. Every possible scenario of 

blockages was shown for one certain signal timing control as an example in the study. A 

wide range of traffic scenarios were constructed in a microscopic simulation environment 

to calibrate the QAP model. The calibrated model was used to calculate the case which 

happened in the field. It was found that for both the right-turn lane only and the entire 

approach, the differences between the estimates from the proposed model and simulation 

outputs were fairly small, which indicates that the proposed model is capable of 
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calculating the delay within an acceptable deviation. Also, by comparing with the HCM 

model, it is also found that QAP model provides closer estimates to the actual delay than 

the HCM model. The QAP model also improves the probabilistic model by providing 

better estimation for the RTORs.  
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CHAPTER 5:  

SUMMARY AND CONCLUSIONS 

SUMMARY OF MAJOR TASKS CONDUCTED 

This research was conducted to develop delay models for signalized intersections with 

the presence of short right-turn lanes and right turn on red. Comparing with the widely-

used HCM procedures for delay estimation, the comprehensive analytical models 

eliminate the shortcomings of the existing HCM models in mainly two aspects. First, the 

short-lane blockages were considered in the proposed models. The probabilistic model 

incorporates the probability of blockage, while the QAP model considers various 

blockage scenarios under different signal timing strategies and right-turn regulations. 

Second, situations utilizing right turn on red can be handled by the proposed models. The 

probabilistic model, following the HCM procedures, provides a good estimate for 

approaches with RTOR, while the QAP model incorporates the arrival and departure 

patterns of the RTOR traffic under different signal timing strategies.   

The major tasks which accomplished the goals of this research can be summarized as 

follows: 

• A comprehensive literature review was performed to provide a solid foundation 

for the study conducted in the dissertation, which covered: (1) delay and capacity 

models for signalized intersections; (2) the impact of short lanes on intersection 
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performance and construction; and (3) relevant studies on right turn on red and no 

RTOR.  

• Based on the knowledge gained from the literature review, the study incorporates 

the widely-used HCM procedures, short-lane blockage, and the RTOR impact into 

the analytical models to estimate delay for approaches at signalized intersections 

with a short right-turn lane. Two different approaches were adopted to develop 

the proposed models, which resulted in two forms of delay models. They are: 

o Probabilistic model for estimating delay by determining the probability of 

short-lane blockage and different right-turn regulations.  

o Queue accumulation polygon model for estimating delay by including the 

arrival and departure patterns of through and right-turn vehicles at short 

right-turn lanes during each phase under various signal control schemes.  

Two delay models are capable of solving delay estimation problems given 

different inputs.  

• Microscopic simulation models were constructed by using the data collected from 

an actual intersection in Reno, Nevada. The simulation models were calibrated 

and then employed to validate the proposed analytical models. Also, simulation 

models were used to collect data needed for the queue accumulation polygon 

model. Delay results from both analytical and simulation models were generated 

for various scenarios. By comparing them, the proposed models proved to be 

effective and reliable in estimating delay for the short right-turn lanes.  

MAJOR FINDINGS AND CONCLUSIONS  
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This research provides two analytical models for estimating delay at signalized 

intersections with short right-turn lanes. Based on the analyses conducted in the 

dissertation, the important findings and conclusions reached are summarized as follows:   

• The length of short right-turn lanes imposes a strong influence on the delay 

estimate, which makes it a critical factor in determining intersection LOS.  

• The utilization of RTOR regulation can ease over-saturation and longer delay 

substantially, especially when the short-lane length is not sufficient. Also, due to 

the constraints for RTOR queues to discharge, the implementation of RTOR 

intensifies the influence of different signal timing strategies on the short-lane 

performance. 

• The existing procedures of estimating delay and capacity for signalized 

intersections do not consider the impact of short right-turn lanes which are 

commonly seen in the field.  Thus, models and software packages (Synchro, HCS) 

based on the HCM procedure cannot reflect the short-lane influence. Not 

considering the short lane blockage would lead to underestimating delay and 

overestimating capacity.  

• Another shortcoming of the exiting HCM procedures for estimating delay is the 

neglect of right turn on red. At existing intersections, the HCM removes the actual 

RTORs before capacity and delay analyses, which does not include the delay 

caused by vehicles proceeding during the red signal phase, which underestimate 

the delay for right turns. On the other hand, for future conditions, the HCM does 

not reflect the benefit of having RTORs by overestimating the delay. 
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• The probabilistic model is effective in estimating the delay of approaches with a 

short right-turn lane given required inputs, including signal timing plans, short-

lane length, and traffic volumes. This model considers the probability of short-

lane blockage due to the through and right-turn volumes and short-lane length. 

Following the HCM procedures, the model removes the RTOR volume from the 

total right-turn traffic before the capacity and delay analyses when RTOR is 

permitted. By assuming that RTOR causes zero delay, this model required simpler 

inputs than the QAP model; however, like the HCM, it does not capture the delay 

caused by RTOR.  

• The QAP model, developed based on queuing theory, was proved to be valid for 

estimating short-lane uniform delay if required data are provided, which include 

phase duration, traffic arrival rates, saturation flow rates, and time periods for 

queues accumulating for each phase. Given the detailed inputs, the QAP model is 

capable of keeping track of the traffic arrival and departure patterns in each phase. 

The advantages of this model are that delay caused by RTOR vehicles is included 

and the queuing and discharging procedures under various timing strategies and 

blockage scenarios are also incorporated as well. Also, built on the fundamental 

integration methodology, the model can be expanded further to deal with even 

more cases.  

• Based on the results yielded from the proposed models in analyzing the study 

intersection, both the QAP model and probabilistic model outperform the HCM 

model with better by providing closer estimates for the average approach delay. 

This demonstrated the shortcomings of the HCM in handling the short-lane 



100 

 

  

scenario. Also, by comparing the results from two proposed models, it is noticed 

that the probabilistic model provides a slightly better estimate than the QAP 

model. However, this cannot be taken as sufficient evidence to conclude that the 

QAP model outperforms. Given the distinct advantages of these models, more 

field data are needed before it can be concluded that one model works better than 

the other in estimating delay under certain circumstances.   

• Based on the models studied in this research, local traffic engineers can determine 

the optimal length of a short-lane section.  For example, in the city of Reno, at 

intersections with similar traffic characteristics and composition, it is 

recommended that a short-lane section accommodate six passenger vehicles to 

meet the level of service C required; however, to reach LOS B, other 

countermeasures are needed, such as optimizing the signal timing plan and 

guiding traffic to use other intersections nearby to reduce the load at the study 

intersection.  

RECOMMENDATIONS FOR PROSPECTIVE RESEARCH 

Despite the work that has been accomplished in this dissertation, several research areas 

are identified for future study.  

• Microscopic simulation models were utilized to verify the proposed models in this 

study. Due to funding and time constraints, the data used to construct and 

calibrate the simulation models were acquired from one local intersection where 

short-lane blockages were observed at the right-turn pocket. Therefore, 
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parameters in the simulation models, such as traffic composition and drivers’ 

behavior may only represent the traffic characteristics for this area. For example, 

when the traffic at one intersection comprises more heavy vehicles, the short-lane 

accommodates fewer vehicles before blockage occurs. Given the larger critical 

gap and follow-up time, as well as lower turning speeds for the heavy vehicles, 

blockage is more likely to happen. It is recommended that data from a number of 

intersections which have different traffic composition and cover different drivers’ 

behavior be collected around the U.S. where RTOR is permitted to serve the 

purpose of model calibration. Considering different traffic characteristics and 

drivers’ behavior, it is likely that different parameters, such as traffic composition, 

reaction time, critical gap, and follow-up time, need to be identified to customize 

models for areas with different characteristics.  

• This study depicted and elaborated on all the possible scenarios of right-turn 

vehicles discharging during the red. The delay of RTOR is largely influenced by 

the signal timing strategies at the intersection. Due to the small sample size of 

study sites, the sensitivity analyses for the short lane delay due to different signal 

timing strategies were not evaluated in this study. Such an analysis could be very 

helpful in guiding signal timing optimization, especially for intersections with 

high right-turn volumes.  

• The model developed by using queue accumulation polygons is able to describe 

the process of queue formation and discharge at any specific time during a cycle. 

Thus, the model can be further expanded to address some other more complicated 
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cases. For example, channelized right turns, which are also widely used for 

intersections with heavy right-turn traffic, can be treated as short right-turn lanes 

to some extent. When the channelized right-turn vehicles are not free right turns, 

drivers need to yield to the crossing through vehicles. If the crossing through 

volume is high, RTORs may accumulate at the right-turn channel, causing right-

turn blockage.  Also, the entrance of the right-turn channel can be blocked by 

through vehicles if right-turn vehicles share a lane with through vehicles before 

they enter the channel. By focusing on the vehicle arrival and departure, the QAP 

model can provide a better estimate of delay for these right turns than the HCM 

model. Another case which can largely benefit from the QAP model is when the 

traffic arrival rate varies during a cycle. For the QAP model developed in this 

study, a uniform arrival pattern was assumed for simplification; however, this 

arrival pattern does not always exist in the field. A very useful application of the 

QAP model is to solve the delay with platoon arrivals.  

• The methodologies proposed in this study to model delay for signalized 

intersections with short right-turn lanes can also be extended to estimate delay for 

left-turn pockets. Blockage that occurs at left-turn pockets is similar to right-turn 

pockets, despite different signal timing treatments for the left turns. However, the 

signal phasing sequence and phasing duration of the left-turn movement will play 

an important role in causing short-lane blockage.  
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