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The methodologies in the current edition of the Highway Capacity Manual (HCM 

2010) are capable of predicting performance measures and level of service (LOS) for 

freeway facilities and surface streets – Volume 2: Uninterrupted Flow and Volume 3: 

Interrupted Flow, respectively – in a macroscopic and deterministic environment. 

However, these two types of facilities often interact with one another in physical 

transportation systems, so the assumption that they are mutually exclusive is not 

realistic.  

Transportation agencies at the federal and state levels are interested in 

evaluating the long-term performance and reliability of freeway facilities that provide the 

necessary connectivity to inter-city commuters, especially in urbanized areas. Without 

the use of microscopic simulation tools, however, there currently exists no methodology 

to consider the potential effects of operations at adjacent surface streets. The purpose 

of this project is to develop a new method for evaluating traffic operations within a 

freeway diverge segment while considering the effects of excessive queuing and 

spillback at an off-ramp.  
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Volumes and speed data were collected at several isolated diverge segments 

featuring three mainline lanes that experienced spillback conditions due to excessive 

demand at the downstream interchange ramp terminal. Based on the qualitative 

observations obtained from the data collection efforts, the improved framework is 

proposed – the most important of these concepts being the variable influence area 

dictated by the pre-defined regime thresholds. The concepts within the framework are 

then quantitatively compared against the collected field data, adjusted to facilitate 

compliance with standard HCM-based metrics. Finally, the inferences taken from this 

comparison, as well as the recommendations for future research, are discussed.  
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CHAPTER 1 
INTRODUCTION 

1.1 Problem Statement 

The procedures detailed in the current version of the Highway Capacity Manual 

(HCM 2010) estimate capacity and other performance measures dictating level of 

service (LOS) for freeway facilities as well as surface streets. However, the existing 

methods do not consider cases in which interactions in the form of spillback occur from 

one type of facility to another. One case of these interactions is excessive demand at a 

signalized intersection leading to spillback at an adjoining off-ramp and, eventually, the 

freeway. The existing procedure for Signalized Intersections (HCM 2010 Chapters 18 

and 31) predicts both the average and maximum expected queue length at an approach 

within a specified analysis period, given any combination of geometric- or traffic-related 

variable inputs within the scope of the methodology. As previously implied, the effects of 

these excessive queues that propagate upstream onto a freeway mainline are not 

accounted for in the existing Diverge Segments procedure (HCM 2010 Chapter 13). 

1.2 Research Objectives 

The purpose of this thesis is to propose a new framework to improve the existing 

Diverge Segments procedure, as detailed in HCM 2010 Chapter 13, to address 

spillback conditions. This involves qualitatively observing driver behavior, developing 

quantitative metrics to model these behaviors and exploring what factors influence 

performance under spillback conditions. These modifications consider lane utilization 

along the freeway mainline, average travel speed and density by lane and the 

corresponding capacity drop. They consist of restructuring existing equations and 

reference tables as well as development of new equations and procedures. Data 
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collection (detailed in Chapter 3) is conducted at four different freeway diverge 

segments to validate the proposed modifications and obtain quantitative estimates of 

various parameters. 

1.3 Organization 

Chapter 2 provides a literature review related to this topic, Chapter 3 details the 

data collection performed and Chapter 4 describes the proposed queue length 

estimation procedure followed by the proposed diverge ramp analysis procedure. 

Chapter 5 describes the analysis techniques used to evaluate the proposed diverge 

segments methods and presents the quantitative results. Chapter 6 discusses the 

conclusions and recommendations attained from this project. 
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CHAPTER 2 
LITERATURE REVIEW 

A review of the literature regarding operational effects of freeway-arterial 

interactions yielded a limited number of publications. The existing HCM 2010 procedure 

for Diverge Segments predicts lane utilization, average travel speed, capacity and 

density (which dictates LOS) based on geometric and demand flow data for 

undersaturated conditions. These measures are strictly “localized” and do not account 

for effects from or elicited upon adjoining upstream and downstream segments of the 

freeway facility and surface street network. Although much of the currently published 

research on this topic does not directly address performance measures in a manner 

consistent with HCM 2010 procedures and LOS metrics, the concepts and framework 

presented in the research are useful in developing the appropriate procedural 

adjustments. For example, previous research has quantified the average delay incurred 

to freeway mainline vehicles as a result of spillback from an off-ramp, but the HCM 2010 

Freeway Facilities procedure does not estimate delay explicitly. Rather, average travel 

speed is estimated; the difference between this and the freeway’s free-flow speed could 

conceivably be used to estimate delay instead. 

Shockwave analysis, which considers the effects of queuing upstream of a 

bottleneck on a freeway facility, has been used to evaluate operational impacts as a 

function of capacity deficiency at an off-ramp. For general types of bottlenecks, Lighthill, 

et al. (1956) proposed examining operations in time and space for freeway segments. 

Expanding on this idea while using a series of simplifying assumptions, Newell (1993) 

described a method of predicting the resultant delay and cumulative queued vehicle 
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count given any combination of upstream demands and approximation of the roadway’s 

capacity using the principles outlined in the Lighthill-Whitham-Richards (L-W-R) model. 

Daganzo (1997) later pointed out that the original L-W-R model assumes that 

operational effects and capacity deficiency originated from only one source: bottlenecks 

and queuing at the downstream location on the freeway mainline. He further postulated 

that capacity deficiency and queuing at a downstream off-ramp can also cause 

operational effects on the freeway mainline. Thus, two separate sets of traffic conditions 

can exist on a single freeway segment, and queued vehicles can be evaluated 

separately from un-queued mainline vehicles in a macroscopic shockwave analysis. He 

suggested a “2-pipe regime,” in which vehicles are classified as either “1-vehicles” 

which are free to choose any lane on the freeway mainline, or “2-vehicles” that are 

restricted to the lane adjacent to the off-ramp.  Newell (1999) constructed a graphical 

solution to Daganzo’s theory, with polygons that quantify the evolution of operational 

changes to freeway operations for both categories of vehicles – namely, delay (perhaps 

implying a reduction in travel speed) and cumulative queued vehicle count – over the 

“lifespan” of an off-ramp queue. Newell additionally posited several potential driver 

behaviors that would render the model’s conjectural assumptions invalid. Foremost, the 

restrictive “2-pipe” assumption is not entirely realistic since vehicles are not inhibited 

from switching between contiguous “pipes”. Case in point, during the occurrence of 

near-congested conditions, “1-vehicles” may be willing to join the queue of “2-vehicles” 

and accept a minimal perceived delay before continuing past the diverge point if the 

queue is relatively short. Additionally, “2-vehicles” cannot be evaluated under the First-

In-First-Out (FIFO) queuing theory method, since drivers at the back of a particularly 
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long queue may attempt to bypass parts of the queue and squeeze back in closer to the 

exit.  

In a study performed to compare field observations against this theory, Daganzo 

and Munoz (2000) confirmed that off-ramp queues spilling over onto the freeway 

mainline indeed caused a significant reduction in discharge flows downstream of the 

exit. During the queued “steady state,” an average discharge rate of 4,520 vehicles per 

hour on a three-lane freeway mainline (only 62.8% of “base” capacity of 7,200 vehicles 

per hour, according to the Basic Freeway Segments procedure) was observed. Note 

that this rate should be compared to the “discharge capacity” of a mainline section while 

the current version of the HCM uses a generic capacity value that does not consider the 

“two-capacity” phenomenon.   

The proportion of exiting vehicles on the freeway also proved to have a 

significant effect on capacity. On average, discharge rates increased from 4,520 to 

5,720 vehicles per hour (an increase of 26.5%) when the proportion of exiting vehicles 

decreased from 29% to 24%, even though the actual flow rate of exiting vehicles 

remained nearly constant. Vehicles were found to transition from free-flow speeds to 

“queuing speeds” approximately one kilometer, or 3,280 feet, upstream of the back of 

the queue. It was also observed that drivers tend to adopt larger headway spacing over 

time “en masse,” likely because once the length and severity of the queue were 

collectively realized, driver aggression as a whole subsided.  

In a separate paper based on the data obtained in the previously described 

study, Munoz and Daganzo (2002) focused instead on the “behavior” of the queue. It 

was found that the variation in speeds across the three mainline lanes was greatest 
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closest to the diverge point, whereas occupancy detectors positioned further upstream 

indicated less variation. Furthermore, the rightmost lanes closer to the off-ramp queue 

were more influenced by the spillback and had reduced travel speed, whereas the 

leftmost lane(s) showed little to no difference between queued conditions and free-flow 

conditions. Non-exiting vehicles traveling in the rightmost lane(s) in the vicinity of the 

queue “traveled more cautiously, with slightly wider but predictable spacing … and [that] 

more lane changes can be expected.” Regarding capacity reduction, an average 

discharge flow of 1,500 vehicles per hour per lane was recorded immediately beyond 

the diverge point – only 75% of that which this particular freeway’s geometric design (as 

estimated by the authors) could potentially accommodate. 

A similar study by Cassidy et al. (2002) also found that, in general, longer exiting 

queues from an over-saturated off-ramp were accompanied by lower discharge rates for 

the non-exiting vehicles, although no exact measure of correlation between the two was 

established. The authors also note that exiting drivers sometimes obstructed non-exiting 

vehicles by attempting to force their way into the queue from the adjacent lane further 

downstream rather than waiting to be serviced in the queue. The authors do not discuss 

the possible correlation between queue length and forced queue entries.  The presence 

of a queue also affected the non-exiting vehicles’ average speed: upon the onset of 

queuing at an off-ramp, non-exiting vehicles reduced their speed across all lanes, 

reaching speeds as low as 25 kilometers per hour (15.5 miles per hour) before returning 

to free-flow speed downstream of the diverge point. 

It is conceivable that traffic operations during an incident may be similar to 

operations when a queue is present, and thus we briefly review here studies related to 
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the capacity and traffic operational quality during incidents. In a comprehensive 

comparison between various incident-related studies in the literature, Lu and 

Elefteriadou (2013) present sets of capacity “adjustment factors” based on various 

conditions. According to the regression analysis developed based on past studies, 

capacity is reduced by 320 vehicles per hour simply by the occurrence of congestion, 

1,948 vehicles per hour from only the mainline shoulder being affected, 2,329 vehicles 

per hour from one lane being affected and 2,608 vehicles per hour from two lanes being 

blocked. A similar regression structure could conceivably be developed for queuing-

related capacity reduction, albeit one that incorporates the probability of further lane 

blockage in consideration of the random and fluid nature of queue fluctuation. 

Based on the review of the literature, we can conclude that estimating 

operational measures in the case of spillback from an off-ramp analytically is 

challenging, as it is very difficult to anticipate the wide variety of potential driver 

behaviors. The following trends and observations documented in previous research are 

used in this research to develop the framework of the proposed methodologies: 

 Discharge flows along the mainline are affected by the presence of an off-ramp 
queue, with one study observing 4,520 vehicles per hour on a three-lane freeway 
mainline (approximately 1,500 vehicles per hour per lane)  

 Discharge rates along the mainline increase with decreasing off-ramp flow; they 
were also found to increase with decreasing queue lengths, which are correlated 
with off-ramp demands 

 Rightmost lanes are more affected regarding speed reduction, whereas the 
leftmost lane(s) show very little difference between the presence of a queue and 
free-flow conditions 

 Exiting drivers sometimes obstruct through lanes by attempting to force their way 
into the queue. However, research has not established any quantitative 
measures for the probability of such blockage 
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 The presence of a queue at the off-ramp reduces the mainline vehicles’ speed 
with values observed as low as 25 kilometers per hour (15.5 miles per hour) 

 If the off-ramp queue blocks the right-most lane and is relatively short, non-
exiting mainline drivers may be willing to remain in the queued lane – albeit at a 
significantly reduced travel speed – and accept a small amount of delay 
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CHAPTER 3 
DATA COLLECTION 

To gain insight to how traffic operations within diverge segments change under 

spillback conditions, data was collected at four different diverge junctions during time 

periods in which spillback occurred. The next section provides an overview of the study 

sites and data collection effort while the second section summarizes observed trends in 

the data and the final section discusses the methods used for data preparation. 

3.1 Overview of Study Sites 

To gain insight to how traffic operations within diverge segments change under 

spillback conditions, data is collected at the diverge points of four different interchange 

junctions during time periods in which spillback occurred.  

The first study site is located on I-75 in Gainesville, FL, while the other three sites 

are all located on I-95 in Jacksonville, FL. The spillback conditions observed at the 

study site in Gainesville were considered to be unusual and possibly unexpected, 

whereas those observed in Jacksonville occur on a regular basis as a result of 

excessive demands on I-95 exiting the downtown Jacksonville area during the weekday 

afternoon peak periods. A summary of the dates and times when data collection took 

place is shown in Table 3-1. 

Table 3-1.  Study sites   
Freeway/Direction Surface Street Date Time Period Location 

I-75/Southbound SR 26 (Newberry Rd) 11/5/2014 7:01–8:15AM Gainesville, FL 
I-75/Southbound SR 26 (Newberry Rd) 11/6/2014 7:01–8:15AM Gainesville, FL 
I-95/Southbound Old St. Augustine Rd 5/14/2015 4:15–6:17PM Jacksonville, FL 
I-95/Southbound Old St. Augustine Rd 7/9/2015 4:40–6:43PM Jacksonville, FL 
I-95/Southbound I-295 East-West Split 7/9/2015 5:24–6:43PM Jacksonville, FL 
I-95/Southbound I-295 East-West Split 8/13/2015 4:26–5:27PM Jacksonville, FL 
I-95/Southbound SR 202 (JTB Blvd) 8/13/2015 4:26–5:27PM Jacksonville, FL 
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Figure 3-1 shows a map of the I-75 Southbound / SR 26 (Newberry Road) study 

site in Gainesville, FL, while Figure 3-2 shows the geometric layout of the diverge 

segment. During the two time periods that data collection efforts took place, spillback 

occurred for 19 minutes and 4 minutes, respectively. Volumes along I-75 were relatively 

low (approximately 2,400 vehicles per hour), and it did not appear that operations along 

the freeway mainline were severely compromised in spite of the queuing.  

Figure 3-3 shows a map of the three study sites in Jacksonville along I-95, while 

Figures 3-4, 3-5 and 3-6 show the respective geometric layouts of the diverge 

segments. 

At the I-95 Southbound / SR 202 (JTB Boulevard) study site (Figure 3-4), just 

one period was observed, and spillback occurred for the entire 62 minutes. This 

interchange junction is regarded as one of the most severe bottlenecks throughout the 

Jacksonville urban area as a result of its proximity to downtown Jacksonville and 

connectivity to Jacksonville Beach heading eastbound (Figure 3-3). High volumes were 

observed (approximately 1,600 vehicles per hour per lane), and the off-ramp queue 

remained very long throughout the study period.  

At the I-95 Southbound / I-295 East-West Split study site (Figure 3-5), spillback 

conditions occurred during only one of the two time periods observed. Volumes along 

the mainline were very high (1,500 vehicles per hour per lane and 1,900 vehicles per 

hour per lane, respectively) and the off-ramp queue remained so long throughout the 

study periods that exiting demand could not be accurately quantified.  

At the Old St. Augustine Road study site, spillback conditions were observed 

during both periods for a total of 73 minutes and 50 minutes, respectively. Volumes 
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were moderately high along the mainline (approximately 1,400 vehicles per hour per 

lane on both days). As a result of the bridge overpass restricting the vantage point’s 

visibility of anything beyond 150 feet upstream of the diverge point (Figure 3-6), it was 

impossible to quantify accurately exiting demands. 

Data for average travel speeds were collected externally for this project. Travel 

speed data for the study periods downloaded and assembled in one-minute intervals 

from the Regional Integrated Transportation Information System (RITIS). RITIS is an 

automated data sharing, dissemination, and archiving system maintained by the 

University of Maryland’s Center for Advanced Transportation Technology (CATT) 

Laboratory, collected using HERE® (formerly NAVTEQ) speed detection technology.  

3.2 Qualitative Trends 

 During the data collection process, the following qualitative trends were observed 

at the study sites: 

 At the I-75 Southbound / SR 26 (Newberry Road) study site where the back of 
queue was visible throughout the study period, exiting drivers entering the back 
of the queue ignored the lane striping denoting the “limits” of the off-ramp’s 
deceleration lane. Instead, they used the available lateral space on the freeway’s 
shoulder when the queue of vehicles became longer than the allotted 
deceleration lane, rather than using the right-most through lane on the freeway 
mainline and causing blockage (Figure 3-7) 

 At the I-75 Southbound / SR 26 (Newberry Road) study site, drivers appeared to 
travel at lower speeds when using the right-most lane when the queue was 
present in the adjacent deceleration lane and/or shoulder. At the three study sites 
in Jacksonville, drivers appeared to be more aggressive in maintaining their 
desired speeds in the right-most lane in spite of the queuing along the 
deceleration lane 

 In the first I-75 Southbound / SR 26 (Newberry Road) study period and the first I-
95 Southbound / I-295 East-West Split study period, several drivers were unable 
to make the appropriate lane change(s) to enter the back of the queue. Instead, 
they attempted to “squeeze in” to a space between queued vehicles, effectively 
blocking the right-most through lane of the freeway mainline (Figure 3-8) 
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 In the same two study periods as referenced in the previous observation, some 
drivers towards the back of the queue would exit the queue and attempt to re-
enter at a different point in the queue further downstream, again effectively 
blocking the right-most through lane of the freeway mainline (Figure 3-8) 

 In several study periods involving lengthy intervals of spillback conditions, some 
drivers, particularly at times when the queue grew to exceptionally long lengths, 
resorted to exiting the queue and (presumably) opting for an exit located further 
downstream 

Some admonitions must be considered regarding the quality of the data collected 

for this analysis: 

 At the three study sites in Jacksonville, the vantage point of the camera recording 
the video feed did not allow for observation of operations upstream of the diverge 
area when queues were extensive. For example, the bridge overpass 
immediately upstream of the diverge point at Old St. Augustine Road only 
allowed for approximately 150 feet of the diverge segment to be observed (the 
deceleration lane at this site is approximately 750 feet long) 

 At all three study sites in Jacksonville, queues extended outside the camera’s 
vantage point, thus queue lengths or demands to the off-ramp could not be 
observed. This is critical because HCM freeway analysis requires each 
movement’s demand to be used (the hourly rate of vehicles intending to use a 
particular facility within the defined time interval), rather than the throughput  

 The travel speed data from RITIS is a measurement of speed for the entire 
diverge segment along the freeway (i.e., all three mainline lanes). Therefore, this 
data cannot be compared directly the HCM prediction of speed for the influence 
area (SR), but rather to the total travel speed (S) 

 Speed data from RITIS was not recorded for every individual minute interval 
within the study periods. For the minute intervals not associated with a given 
speed from RITIS, the average of the previous and subsequent time interval is 
assumed 

 The fixed physical areas where travel speed data are collected by RITIS do not 
precisely coincide with the HCM-defined influence area (1,500 feet upstream of 
the diverge point). For example, one data collection interval may encompass the 
first 400 feet of the influence area while the next adjacent data collection interval 
encompasses the remaining 1,100 feet of the influence area. The data collection 
interval that encompassed a greater proportion of the HCM-defined influence 
area was chosen to obtain the travel speed data for the given study site 
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3.3 Data Preparation 

Lane-specific vehicle counts are recorded in one-minute intervals at each of the 

study sites, which are converted to hourly flow rates expressed in units of passenger 

cars. These lane-specific flow rates are then organized into standard HCM flow rate 

metrics: total (vF) and exiting (vR) flow rate, and flow entering the influence area (v12) 

and the outer lanes (vOA). Using these flow rate metrics, the following HCM performance 

measures were derived:  

 Lane utilization of non-exiting vehicles (PFD), average travel speed (S) and 
density (D). These were obtained to facilitate a comparison of HCM prediction 
models versus observed conditions 

 Proportion of exiting vehicles (vR/vF). This measure was obtained to evaluate the 
effects of ramp demand  on lane utilization and average travel speed in the 
influence area 

The lane-specific counts within each one-minute interval are converted to hourly 

flow rates using Equation 3-1, a replication of HCM 2010 Equation 13-1. 

𝑣𝑖 =
𝑉𝑖

𝑃𝐻𝐹 ∗ 𝑓𝐻𝑉 ∗ 𝑓𝑝
∗ 60

𝑚𝑖𝑛

ℎ𝑟
 (3-1) 

 
where vi = demand flow rate for movement i (pc/h), 

 Vi = demand volume for movement i (veh/mine), 

 PHF = peak hour factor, 

 fHV = adjustment for heavy vehicle presence (veh/pc), and 

 fp = adjustment factor for driver population 

The adjustment factor for driver population (fp) is assumed to be equal to 1.00 to 

reflect the fact that the majority of drivers in the study interval were regular commuters. 

The adjustment factor for heavy vehicle presence (fHV) is calculated using Equation 3-2, 

a replication of HCM 2010 Equation 11-3. 
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𝑓𝐻𝑉 =
1

1 + 𝑃𝑇(𝐸𝑇 − 1) + 𝑃𝑅(𝐸𝑅 − 1)
 (3-2) 

 
where fHV = heavy-vehicle adjustment factor (veh/pc), 

 PT = proportion of trucks and buses in the traffic stream,  

 PR = proportion of RVs in traffic stream, 

 ET = PCE of one truck or bus in traffic stream (pc/veh), and 

 ER = PCE of one RV in traffic stream (pc/veh) 

It is assumed that the terrain at all four study sites is Level, typical of roadways 

that do not have a significant amount of elevation change throughout the study 

segment. Therefore, based on HCM 2010 Exhibit 11-10, the passenger car equivalent 

(PCE) values in this equation are 1.5 passenger cars per vehicle and 1.2 passenger 

cars per vehicle for trucks and buses (ET) and RV’s (ER), respectively. 

The proportion of trucks and buses (PT) and RV’s (PR) in the traffic stream are 

based on data acquired from the Florida Department of Transportation’s (FDOT) Florida 

Traffic Online (FTO) application, publicly accessible on the FDOT website. The values 

used for each of the study sites are shown in Table 3-2. 

Table 3-2.  Values used for the proportions of heavy vehicles in the traffic stream 
Freeway/Direction Surface Street PT PR 

I-75/Southbound SR 26 (Newberry Road) 0.185 0.000 

I-95/Southbound Old St. Augustine Road 0.121 0.000 

I-95/Southbound I-295 East-West Split 0.079 0.000 

I-95/Southbound SR 202 (JTB Boulevard) 0.079 0.000 

 

Several important site-specific measurements are made to ensure the collected 

data were compliant with the HCM methodology. The free-flow speeds of the off-ramps 

(SFR) are assumed to be 5 mi/h greater than the posted advisory speed limit, obtained 

from Google Maps. The free-flow speed of the freeway mainlines (FFS) are calculated 
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using Equation 3-3, a replication of HCM 2010 Equation 11-1; Total Ramp Density 

(TRD) and Deceleration Lane Length (LD) values were obtained using Google Maps. 

These measurement values are shown in Table 3-3. 

𝐹𝐹𝑆 = 75.4 − 𝑓𝐿𝑊 − 𝑓𝐿𝐶 − 3.22 ∗ 𝑇𝑅𝐷0.84 
(3-3) 

 
where fLW = adjustment factor for lane width, assumed to be 0 mi/h, 

 fLC = adjustment factor for lateral clearance, assumed to be 0 mi/h, and 

 TRD = total ramp density (ramps/mi) 

Table 3-3.  Site-specific measurement values used in data processing 
Freeway/Direction Surface Street Total Ramp 

Density 
FFS, 
Mainline 

FFS, 
Ramp 

Deceleration 
Lane Length 

I-75/Southbound SR 26/Newberry Rd 0.7 ramps/mi 73.1 mi/h 25.0 mi/h 756 feet 
I-95/Southbound Old St. Augustine Rd 1.2 ramps/mi 71.7 mi/h 30.0 mi/h 763 feet 
I-95/Southbound I-295 E/W Split 1.2 ramps/mi 71.7 mi/h 50.0 mi/h 1,965 feet 
I-95/Southbound SR 202/JTB Blvd 1.2 ramps/mi 71.7 mi/h 50.0 mi/h 2,470 feet 

 

Finally, three performance measures predicted in the Diverge Segments 

procedure are calculated using the collected data as follows: 

 Lane utilization of non-exiting vehicles (PFD) is calculated using Equation 3-4, a 
replication of HCM 2010 Equation 13-9 

𝑃𝐹𝐷 = 0.760 − 0.00025𝑣𝐹 − 0.00046𝑣𝑅 (3-4) 

 Overall average travel speed (S) is calculated using the prediction model 
represented in HCM Exhibits 13-12 and 13-13  

 Total density (D) is calculated using the fundamental speed-flow-density 
relationship (Equation 3-5), using the above speed prediction model 
 

𝐷 =
𝑣𝐹

𝑆
 (3-5) 

The following HCM metrics – lane utilization and density – were derived directly 

from field-measured data. 
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 The proportion of non-exiting vehicles traveling in Lanes 1 and 2 (PFD) was 
calculated with Equation 3-6, a re-arrangement of HCM 2010 Equation 13-8 

𝑣12 = 𝑣𝑅 + (𝑣𝐹 − 𝑣𝑅)𝑃𝐹𝐷     →      𝑃𝐹𝐷 =
𝑣12 − 𝑣𝑅

𝑣𝐹 − 𝑣𝑅
 (3-6) 

 

 Total density (D) was derived again by using the fundamental speed-flow-density 
relationship in Equation 3-5, instead using field-measured speed data 

A total of 601 minutes, or approximately 10 hours, of data were recorded and 

analyzed in this project. Results and subsequent analysis of the data collection efforts 

are discussed in Chapter 5 while suggestions for future data collection efforts are 

discussed in Chapter 6.  

 

Figure 3-1.  Map of the I-75 Southbound / SR 26 (Newberry Road) study site. Image 
courtesy of Bing Maps  
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Figure 3-2.  I-75 Southbound / SR 26 (Newberry Road) study site. Image courtesy of 

Bing Maps 

 

 
 
Figure 3-3.  Overview map of Jacksonville study sites. Image courtesy of Bing Maps 
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Figure 3-4.  I-95 Southbound / SR 202 (JTB Boulevard) study site. Image courtesy of 

Bing Maps 

 

 
 
Figure 3-5.  I-95 Southbound / I-295 East-West Split study site. Image courtesy of Bing 

Maps 
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Figure 3-6.  I-95 Southbound / Old St. Augustine Road study site. Image courtesy of 

Bing Maps 

 

 
 
Figure 3-7.  Still image captured from video feed of queued drivers ignoring lane striping 

denoting the end of the deceleration lane (I-75 SB / SR 26 study site), April 
20, 2015. Courtesy of the author, Michael Armstrong 
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Figure 3-8.  Still image captured from video feed of drivers attempting to merge into the 
queue on the shoulder, temporarily blocking Lane 1 (I-75 SB / SR 26 study 
site), April 20, 2015. Courtesy of the author, Michael Armstrong  
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CHAPTER 4 
METHODOLOGY 

This chapter discusses the various shortcomings of the existing Diverge 

Segments procedure with regards to spillback from adjoining surface street facilities, as 

well as the corresponding proposed modifications to address them. Some modifications 

are supported by qualitative observations (Chapter 3) and quantitative analysis (Chapter 

5) while others have yet to be confirmed or could potentially be expanded upon by 

future data collection efforts. Section 4.1 outlines the existing procedures to estimate 

the corresponding maximum queue length, depending on the intersection configuration. 

Section 4.2 provides guidance in determining whether the resultant queue is long 

enough to affect operations on the upstream freeway diverge segment. Sections 4.3 

(Operational Measures) and 4.4 (Capacity) discuss the specific ways in which this 

excessive queue length can be considered in evaluating the facility performance when 

spillback occurs. 

4.1 Intersection Queues Affecting Diverge Segments 

Spillback at an off-ramp may occur due to either inadequate capacity of the ramp 

proper or inadequate capacity at the ramp terminal (typically the signal at the 

downstream interchange). The capacity of the ramp proper is defined as the off-ramp’s 

maximum allowable hourly flow rate, which is based only on its geometric 

characteristics (number of lanes, free-flow speed, etc.) – values can be found in HCM 

2010 Exhibit 13-10. The capacity of the ramp terminal is defined as the collective 

maximum achievable flow rate at the signalized or unsignalized approach to the surface 

street, based on a variety of geometric and signal phasing conditions. Evaluation of 

capacity and queue length in the latter case depends on the type of intersection that 
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exists at the surface street on the downstream end of the off-ramp. These intersection 

types and corresponding procedures are shown in Table 4-1. 

Table 4-1.  Appropriate procedures to use to quantify queue length 
Intersection 

Type 
HCM 2010 Reference Procedure 

Signalized Chapter 31: Signalized 
Intersections Supplemental 

Section 3: Queue Accumulation Polygon 

TWSC 
Intersection 

Chapter 19: Two-Way Stop-
Controlled Intersections 

Section 2: Methodology (Automobile Mode) 

AWSC 
Intersection 

Chapter 20: All-Way Stop-
Controlled Intersections 

Section 2: Methodology (Automobile Mode) 

Roundabout Chapter 21: Roundabouts Section 2: Methodology (Automobile Mode) 

 

To compare the predicted queue length (Q) directly to the available queue 

storage distance (La) and determine whether or not spillback is expected to occur, the 

queue storage ratio (RQ) is calculated. In the case of signalized intersections, the RQ 

calculation is included within the Queue Accumulation Polygon procedure. However, 

this is not the case in the unsignalized intersection procedures (TWSC, AWSC, 

Roundabouts), so RQ must be calculated separately. This value is based on the queue 

length (Q) obtained from the respective procedure along with several other input 

variables. If RQ is less than or equal to 1.00, spillback is not expected to occur, and no 

further adjustments to the freeway facilities analysis are necessary. On the other hand, 

if RQ exceeds 1.00, the recommended modifications described in Section 4.3 and 

Section 4.4 should be used. Note that if the capacity of the off-ramp proper is exceeded, 

spillback is certain to occur and, therefore, calculating RQ is redundant. Queue storage 

ratio is estimated using Equation 4-1. 

𝑅𝑄 =
𝐿ℎ𝑄

𝐿𝑎𝑁
 (4-1) 
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where RQ = queue storage ratio, 

Lh = average vehicle spacing in stationary queue (feet/veh), 

Q = predicted queue length (veh), 

La = available queue storage distance (feet/ln), and 

N = number of full lanes at approach (ln) 

Average vehicle spacing can be estimated by Equation 4-2, a replication of HCM 

2010 Equation 31-149. 

𝐿ℎ = 𝐿𝑝𝑐(1 − 0.01𝑃𝐻𝑉) + 0.01𝐿𝐻𝑉𝑃𝐻𝑉 (4-2) 

where Lpc = average stored passenger car length (default value of 25) (feet), 

LHV = average stored heavy‐vehicle length (default value of 45) (feet), and 

PHV = percentage of heavy vehicles in the movement group (%) 

 Since a single-period analysis (15 minutes by default) predicts a single queue 

length value (Q), a multi-period analysis of the intersection approach associated with 

the off-ramp should be performed to account for residual queuing. Given that a spillback 

is expected to occur within a single analysis period (RQ > 1.00), analyses for the 

previous and subsequent time periods should be performed, if the appropriate data is 

available. The HCM FREEVAL-2010 computational engine associated with the Freeway 

Facilities procedure (Chapters 10 and 25) considers residual effects of capacity 

reduction over any specified sequence of time periods. Therefore, even if data for only 

the “worst” analysis period at the surface street approach being evaluated is available, 

the effects of that given period would be considered, propagating along multiple time 

periods and upstream freeway segments.   
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4.2 Additional Queue Length 

The available queue storage length (La) along the off-ramp begins at the 

intersection approach stop bar and extends upstream to the diverge point, where the 

off-ramp meets the freeway mainline. The length of the deceleration lane(s) (LD) directly 

adjacent to the freeway mainline are not part of the available queue storage distance 

(Figure 4-1). This is because there is still some level of friction expected to occur 

between the queue and the freeway mainline if the queue spills out into the deceleration 

lane – even without directly forming on Lane 1 of the freeway mainline. Posted speeds 

on freeways are typically much greater than posted advisory speeds at off-ramps, so 

drivers perceive the deceleration lane as a safe “transition zone” to comfortably 

decrease travel speeds. Under spillback conditions, this available space for deceleration 

is decreased, and the difference in speeds between that lane and adjacent freeway 

lanes becomes significant, which causes the friction mentioned above.  

Assuming that RQ exceeds 1.00 in the previous step, the additional queue length 

(denoted Qa) which extends beyond the queue storage length within the off-ramp is 

calculated. This is done simply by multiplying the queue storage length by the extent 

that RQ exceeds 1.00, as shown in Equation 4-3. 

𝑄𝑎 = 0,                                𝑖𝑓 𝑅𝑄 ≤ 1.00 

𝑄𝑎 = (𝑅𝑄 − 1)𝐿𝑎,             𝑖𝑓 𝑅𝑄 > 1.00 

(4-3) 

 
where Qa = additional queue length (feet), 

RQ = queue storage ratio, and 

La = available queue storage distance within the off-ramp (feet) 
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If demand exceeds the capacity of the off-ramp proper (according to HCM 2010 

Exhibit 13-10), queuing is predicted to occur but is not explicitly quantified in any 

existing HCM procedures. However, it can be estimated by the “leftover” or unmet 

demand not served by the ramp’s capacity as shown in Equation 4-4 (all terms are 

previously defined). 

𝑄𝑎 = (𝑣𝑅 − 𝑐) ∗ 𝑓𝐻𝑉 ∗ 𝑃𝐻𝐹 ∗ 𝑓𝑝 ∗ 𝐿ℎ (4-4) 

When the additional queue length (Qa) exceeds the deceleration lane length (LD), 

drivers intending to enter the back of the queue are likely to position themselves on the 

shoulder (if sufficient lateral clearance is available). This is done to avoid dangerous 

situations in which high-speed rear-end collisions at the back of the queue are likely to 

occur. The shoulder is normally reserved for disabled vehicles, but can effectively 

double as an “extension” of the deceleration lane in spillback conditions. However, 

certain geometric conditions found upstream (a narrow bridge, jersey walls bordering 

construction zones, etc.) may limit this extension, so an additional variable describing 

this distance must be defined – denoted as LE. If the additional queue length (Qa) is 

predicted to exceed the extended queue storage length (LE), the growing queue will, in 

theory, be forced to block Lane 1 of the freeway mainline (Figure 4-2).  

4.3 Spillback Effects on Operational Measures within Diverge Segments 

This section provides the recommended procedures for evaluating traffic 

operations at a diverge segment under spillback conditions. These recommendations 

would be implemented as an enhancement of the existing Diverge Segments (HCM 

2010 Chapter 13) and/or the Freeway Facilities (HCM 2010 Chapter 10) procedures. 

Ultimately, the individual freeway segments’ adjusted capacity and performance 
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measures – average travel speed and density – are tied into the “aggregated” Freeway 

Facilities procedure. As such, it is highly recommended that this fully segmented, multi-

period procedure is used in favor of the single-period Diverge Segments procedure to 

obtain more comprehensive results and observe how the queue from off-ramp spillback 

affects subsequent periods and/or upstream segments.   

4.3.1 Queue Regimes 

In undersaturated conditions, an off-ramp’s influence area is the region where the 

turbulence caused by exiting vehicles has shown to have the most pronounced effects 

on freeway mainline operations. It is defined as the surface area encompassing the two 

rightmost mainline lanes (Lanes 1 and 2) and the deceleration lane, extending upstream 

from the diverge point by 1,500 feet. Key performance measures – lane utilization (PFD), 

average travel speed (SR) and density (DR) – are predicted within these influence area 

boundaries. 

When spillback occurs, this influence area is expected to be significantly altered, 

varying laterally (across lanes) as well as longitudinally upstream as a function of the 

additional queue length (Qa). Under spillback conditions, interactions between exiting 

vehicles and mainline vehicles are expected to occur further upstream, as noted in 

several studies of diverge segments that regularly experienced spillback (Daganzo and  

Munoz, 2000). This section discusses the determination of the influence area thresholds 

when spillback occurs. There are four queue regimes, each of which may occur based 

on the estimated additional queue length (Qa) compared to the effective queue storage 

distance upstream of the diverge point (LE), determined using the procedure outlined in 

Section 4.3. These regime conditions designate the influence area boundaries laterally 

and longitudinally across the diverge segment. They are defined as follows: 
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 Regime 1 (Qa ≤ LD): Under this regime, the additional queue ends within the 
deceleration lane and does not spill over into the mainline freeway. In 
undersaturated conditions, the deceleration lane serves as a “transition zone” 
between free-flow speeds on the mainline (typically 55–75 mi/h) and advisory 
speeds posted on the off-ramp proper (typically 25–40 mi/h). As a result, drivers 
expect to travel at moderately high speeds when traveling along the deceleration 
lane. When spillback occurs, the available deceleration distance is reduced. 
Under Regime 1, minimal turbulence is expected along the freeway mainline, and 
it is likely that only Lane 1 is affected (Figure 4-3) 

 Regime 2 (LE ≥ Qa > LD): Under this regime, the additional queue extends 
upstream beyond the deceleration lane, but sufficient lateral clearance on the 
shoulder allows for an extended queue storage distance (LE). If no deceleration 
lane exists, Regime 2 becomes the initial spillback conditions threshold. As 
previously mentioned, exiting drivers expect to travel at relatively high speeds 
while approaching the off-ramp in the deceleration lane. However, in this case, 
there is no “transition zone” since it is filled entirely by the queue. It can be 
assumed that drivers do not expect to travel at high speeds along the shoulder 
since they are usually equipped with rumble strips and are used for disabled 
vehicles or law enforcement vehicles. Consequently, it is expected that drivers 
will decelerate and join the back of the queue more abruptly, potentially causing 
turbulence in Lane 1. Although the spillback influence area (Figure 4-4) is 
identical to that of Regime 1 in terms of lanes affected, the average travel speed 
and lane-changing behavior of non-exiting vehicles in Lane 1 are expected to 
differ from that of Regime 1. Note that if no lateral clearance exists immediately 
upstream of the deceleration lane (LD = LE), Regime 2 conditions are not 
possible. In that case, the segment is expected to incur blockage in the right-
most lane and should be analyzed according to Regime 3 conditions 

 Regime 3 (Qa > LE, Lane 1 blocked): Under this regime, the queue occupies all 
available queue storage length along the deceleration lane and/or shoulder, and 
subsequently blocks the rightmost mainline lane (Lane 1). Alternatively, this 
condition may occur when drivers choose to remain in Lane 1 rather than using 
the shoulder once the deceleration lane is entirely occupied (if one exists). In this 
regime, non-exiting vehicles using Lane 1 are forced to change lanes to avoid 
delay, causing additional turbulence in Lane 2 (Figure 4-5). As a result of Lane 1 
being blocked, speeds in Lane 2 are expected to be significantly lower, and the 
number of lanes outside of the spillback influence area, if any more exist, are 
reduced 

 Regime 4 (Qa > LE, Lanes 1 and 2 blocked): Under this regime, the queue 
occupies all available queue storage along the deceleration lane and/or shoulder 
and subsequently blocks Lane 1, just as in Regime 3. As noted in observational 
studies (Cassidy et al., 2002), each exiting driver may be unable to change lanes 
in time to join the back of the queue in Lane 1. As a result, exiting drivers will 
often attempt to force their way into a more advantageous position within the 
queue, thus blocking Lane 2 for some time (Figure 4-6). This condition likely 
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occurs as a result of an excessive flow rate of exiting vehicles, a high proportion 
of exiting vehicles and/or insufficient queue storage length along Lane 1 
upstream of the diverge point. Under these conditions, additional lane-changing 
activity and turbulence are expected to occur in Lanes 2 and 3, and thus average 
travel speed and capacity within the influence area are expected to be 
significantly reduced. Note that in cases of 2-lane freeway mainline segments, 
capacity reduction in this scenario could cause severe congestion along 
upstream freeway segments within the study facility. Further empirical research 
is needed to determine what factors cause the transition between Regime 3 and 
4 blockages to occur (queue length, prevailing driver behavior, etc.) and for how 
long 

The length of the influence area does not explicitly affect any performance 

measure estimates in the existing Diverge Segments procedure – it simply defines the 

physical area within which the estimated performance measures are expected to occur. 

When spillback occurs, the estimated performance measures are expected to occur 

further upstream than in undersaturated conditions, as noted in observational studies 

(Daganzo and Munoz, 2000). For the procedures described here, the following 

assumption shown in Equation 4-5 is used. 

𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑜𝑓 𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑐𝑒 𝑎𝑟𝑒𝑎 =   𝑄𝑎  +  1,500 𝑓𝑡. (4-5) 

4.3.2 Equilibrium Separation Distance 

Where an adjacent upstream on-ramp exists, the existing Diverge Segments 

procedure evaluates whether or not the upstream on-ramp is expected to affect 

operations at the subject off‐ramp. This adjustment applies only to freeways with six or 

more lanes and is based on the proportion of through traffic within the influence area 

(PFD). When the actual distance between the adjacent ramps (LUP) is greater than or 

equal to the equilibrium separation distance (LEQ), the off-ramp is still considered 

“isolated”. Conversely, when LUP is less than LEQ, there is some degree of influence on 

the study diverge segment operations, and a different prediction model for PFD is used. 
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If LEQ ≤ LUP,          use HCM 2010 Equation 13-9 

If LEQ > LUP,          use HCM 2010 Equation 13-10 

When spillback occurs, the available maneuvering distance for approaching 

vehicles becomes shorter. Thus, under spillback conditions, LEQ should instead be 

compared to the distance between the back of the queue and the upstream ramp (LUP 

minus Qa), rather than the actual distance between the ramps. Drivers entering the 

freeway from the upstream on-ramp are confronted with the same lane-changing 

decisions as in undersaturated conditions, but further upstream. As a conservative 

method of evaluating influence from upstream on-ramps, the following logic should be 

employed in the case of spillback at an off-ramp for all Regimes:  

If LEQ ≤ (LUP – Qa),          the study diverge segment is “isolated”  
 
If LEQ > (LUP – Qa),          influence from the upstream on-ramp is expected 
 
It is conceivable that the conditions found under Regimes 1 and 2 may not affect 

the influence area length. As stated in Section 4.3.1, under these conditions, there is not 

expected to be any significant blockage in the right-most lane, so ramp-to-freeway 

vehicles would not be affected by off-ramp spillback; ramp-to-ramp vehicles, however, 

would be influenced by the reduced available space for lane-changing maneuvers. In 

summary, there are two possible ways to evaluate the equilibrium separation distance 

(LEQ) in cases of adjacent upstream on-ramps (Figure 4-7): 

 No spillback occurs: LEQ is compared to the actual distance between the study 
off-ramp and the adjacent upstream on-ramp (LUP) 

 Spillback occurs, Regimes 1 through 4: LEQ is compared to the distance between 
the back of the queue to the upstream on-ramp (LUP – Qa)  

A numerical example is provided here to help illustrate the recommended 

procedures. Consider an off-ramp that is predicted to experience spillback during a 
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given 15-minute analysis period. Based on traffic conditions at the downstream 

intersection, the queue length (Q) is predicted to be 1,600 feet and an on-ramp is 

located 2,000 feet upstream along the freeway mainline (LUP). The equilibrium 

separation distance (LEQ) is determined to be 1,800 feet: 

 Case 1: The off-ramp provides 1,800 feet of queue storage distance (La). 
Therefore, since spillback is not predicted to occur (Q ≤ La), the equilibrium 
separation distance is compared to the actual distance between the adjacent 
ramps. Since LUP is greater than LEQ (2,000 feet > 1,800 feet), the study off-ramp 
is considered “isolated” 

 Case 2: The off-ramp provides only 900 feet of queue storage distance (La). A 
deceleration lane that is 400 feet long exists upstream of the diverge point, and 
jersey walls from a construction zone exist 200 feet upstream of the deceleration 
lane. The queue beyond the ramp storage distance (Qa) is 700 feet (1,600 feet – 
900 feet).  This exceeds the extended queue storage distance upstream of the 
diverge (LE), which is 600 feet (400 feet + 200 feet). Therefore, LEQ is compared 
to the distance between the back of the queue and the upstream on-ramp (LUP – 
Qa, or 2,000 feet – 700 feet). Since LEQ is greater than LUP – Qa (1,800 feet > 
1,300), influence from the upstream on-ramp is expected to occur 

It should be noted that the total predicted queue length (Q) and corresponding 

additional queue length (Qa) are likely to change between successive analysis periods 

as a result of evolving conditions over time at the adjacent surface street. Therefore, 

this method of evaluating the equilibrium separation distance (LEQ) in the case of 

upstream on-ramps must be repeated for each period in a multi-period freeway facilities 

analysis. Thus, the on-ramp may have an influence on diverge segment operations in 

some periods, while in other periods it may not. 

4.3.3 Lane Utilization  

In the existing Diverge Segments procedure, the flow rate of all vehicles entering 

the influence area (v12) is defined as the flow rate of all exiting vehicles (vR), plus a 

certain proportion (PFD) of non-exiting vehicles (vF – vR), as shown in Equation 4-6, a 

replication of HCM 2010 Equation 13-8. 
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𝑣12 = 𝑣𝑅 + (𝑣𝐹 − 𝑣𝑅)𝑃𝐹𝐷 
(4-6) 

 
In the case of six-lane freeways in undersaturated conditions, PFD is a function of 

the following parameters: 

 the freeway mainline flow rate (vF) 

 the exiting flow rate (vR) 

 the flow rate and separation distance of an adjacent upstream on-ramp (vU, LUP) 

 
When spillback from an off-ramp occurs on six-lane freeways, it is expected that, 

overall, a smaller proportion of non-exiting vehicles will use Lanes 1 and 2 (Figure 4-8). 

On the contrary, a study (Daganzo, 1999) has speculated that if the off-ramp queue is 

relatively short and/or queued vehicles use the shoulder, non-exiting mainline drivers 

may be willing to remain in Lane 1 – albeit at a significantly reduced travel speed – and 

accept a small amount of delay.  

Under spillback conditions, the influence area is no longer defined as strictly 

Lanes 1 and 2. Specifically, Lane 1 is considered to be within the influence area in 

Regimes 1 and 2, while Lane 2 is considered to be within the influence area in Regimes 

3 and 4. Therefore, the parameter of greatest interest under spillback conditions is the 

proportion of non-exiting vehicles that use Lane 1 or Lane 2, depending on which 

Regime is expected to occur – these parameters are denoted PL1 and PL2, respectively. 

Assuming the hourly non-exiting flow rate (vF – vR) is known, the flow rate traveling 

within the influence area can then be determined. 

4.3.4 Average Travel Speed 

The existing diverge segments procedure provides a series of equations used to 

determine the average speed of vehicles in both the ramp influence area (Lanes 1 and 
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2) and the “outer lanes” if there are more than two mainline lanes. Studies have shown 

that spillback at an off-ramp can reduce speeds in the adjacent mainline lanes (Cassidy 

et al., 2002). To determine the extent to which queuing affects the speed of each lane, 

empirical data collection and analysis of lane-specific travel speeds in diverge segments 

before, during and after queuing from spillback is necessary.   

In lanes within the influence area, the average travel speed of vehicles in a 

diverge segment is expected to be influenced by: 

 Proportion of exiting demand flow rate (vR/vF): studies have suggested that, 
as the proportion of vehicles attempting to change lanes and exit the freeway 
mainline increases, so too does the “turbulence” caused by the increased 
occurrences per unit of time of vehicles crossing paths (Daganzo and Munoz, 
2000) 

 Demand flow rate of vehicles traveling in the influence area (vF – vR)PL1 or 
(vF – vR)PL2: as the fundamental speed-flow relationship curve suggests, in 
general, the expected speed of any given segment eventually diminishes as 
demand flow rate increases  

As in the case of predicting lane utilization of non-exiting vehicles, it is of greatest 

interest to predict the average travel speed of non-exiting vehicles within the influence 

area (Lane 1 or Lane 2, depending on which Regime is expected to occur) under 

spillback conditions – these parameters are denoted SL1 and SL2, respectively.  

Further empirical research is needed to determine what factors influence the 

average travel speed of vehicles in blocked lanes under spillback conditions, as 

vehicles are expected to transition over time from free-flow speed to “queued” speed as 

they approach the back of the queue. Of the possible range of values, the stopped 

threshold speed (Ss), defined as the maximum speed a vehicle can travel while still 

considered “stopped” or queued (typically assumed to be 5 mi/h), represented the 

lowest possible value. 
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It is unlikely that spillback not involving blockage of mainline lanes (Regimes 1 

and 2) will affect average travel speed in lanes outside of the spillback area. Therefore, 

the prediction model previously presented in Figure 10 is likely still valid in these cases. 

However, in cases involving lane blockage (Regimes 3 and 4), more unexpected lane-

changing within the influence area is likely. Thus, the proportion of the exiting demand 

flow rate compared to the entire freeway demand flow rate (vR/vF) likely also affects the 

speed choice of drivers using lanes outside of the spillback area, as shown in a past 

study (Daganzo and Munoz, 2000). Other factors that may affect average travel speed 

under spillback conditions are explored in further detail in Chapter 5. 

LOS in the existing Diverge Segments procedure is dictated by density, which is 

estimated using a regression equation. As previously implied, it is unlikely that this 

equation is also applicable to spillback conditions. It is more appropriate instead to use 

the fundamental speed-flow-density relationship to estimate density to facilitate 

unbiased lane-specific calculations of density. Therefore, the average travel speeds 

must be estimated before determining density, unlike in the existing procedure. 

Specifically, Step 5 must precede Step 4 (Figure 4-8). 

4.3.5 Density and Level of Service (LOS) 

As previously mentioned, in the existing Diverge Segments procedure, density is 

predicted using a regression that was developed for predicting density in 

undersaturated conditions, and it is unlikely it is also applicable to spillback conditions. 

Aside from the expectation that queued vehicles will exhibit exceptionally high density 

(i.e., nearly jam density) vehicles within the influence area are expected to travel slower 

than usual, resulting in higher density. Vehicles traveling in lanes outside of the 

influence area, however, are not likely to experience higher density – furthering the 
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argument against using the current regression prediction, as it is meant to predict 

conditions strictly within the influence area. Therefore, density should be determined 

separately for each lane group based on the estimated average travel speed (Section 

4.3.4), calculated directly using the fundamental speed-flow-density relationship: flow 

rate divided by speed. 

4.4 Capacity Checks and Adjustments 

When spillback occurs, the capacity of diverge segments is determined by the 

prevailing extent of spillback and the expected trends in driver behavior. The capacity of 

the off-ramp proper can be determined as a function of the type of intersection 

approach, as indicated earlier in this chapter. As discussed earlier, when a diverge area 

is affected by spillback, each of its mainline lanes will operate under one of three 

regimes: 

 One or more of the rightmost lanes, the shoulder, and/or deceleration lane(s) will 
be completely blocked because of spillback – mainline freeway capacity in these 
lanes is essentially zero 

 The lane adjacent to the queued lane may have temporary blockages as exiting 
vehicles attempt to force their way into the queue and queued vehicles 
unexpectedly exit the queue. The capacity of this lane depends on these two 
driver behaviors, considered by the probability of lane blockage (PB) and the 
capacity adjustment factor (CAF), respectively 

 The left-most lanes (under the assumption of a right-hand off-ramp) will operate 
mostly uninhibited, and thus their capacity will remain mostly unchanged  

The following sections describe the process of evaluating capacity at a diverge 

segment under spillback conditions. Capacity is initially estimated by the default values 

as outlined in the current Diverge Segments procedure, which depend on free-flow 

speed (FFS) and the total number of lanes in one direction along the segment (N); this 

is discussed in Section 4.4.1. A capacity adjustment factor (CAF) is estimated based on 
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the expected lower lane utilization of the right-most lane by through freeway traffic; this 

is discussed in Section 4.4.2. The capacity of lanes within the spillback area is further 

adjusted based on the probability of being blocked at any point during the 15-minute 

analysis period (PB). This blockage may be temporary or may result in additional 

spillback; this is discussed in Section 4.4.3. Finally, capacity adjustments as outlined 

above are incorporated into the final determination of capacity in Section 4.4.4. 

4.4.1 Base Capacity 

The base value of the entire diverge segment’s capacity (denoted cd) is 

determined based on HCM 2010 Exhibit 13-8, replicated in Figure 4-9. 

4.4.2 Capacity Adjustment Factor (CAF) 

The capacity adjustment factor (CAF), which considers the “friction” associated 

with long static queues and the possibility that a queued vehicle could unexpectedly exit 

onto the freeway mainline, varies between 0.00 and 1.00, with a value of 1.00 

corresponding to effectively no adjustment made (i.e., full capacity available). It is 

expected that the CAF is influenced by the following factors: 

 Additional queue length, Qa (feet): the longer the additional queue length 
becomes, the higher the likelihood that a queued vehicle will exit the queue in an 
attempt to gain a more advantageous spot in the queue further downstream, or 
exit the diverge segment for another one altogether  

 Distance to closest adjacent downstream off-ramp, LDOWN (feet): it is likely 
that the closer downstream the next available off-ramp is located relative to the 
subject off-ramp, the more likely that a queued vehicle intending to exit at the 
study off-ramp will exit the queue without warning and travel further downstream 
to exit the freeway. Note that off-ramps leading to rest areas or other 
unconnected destinations do not qualify as an adjacent downstream off-ramp 
(Figure 4-10) 

Empirical data collection and qualitative observations at sites experiencing 

spillback conditions – before, during and after queuing – would be necessary to 
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establish accurate prediction models for the capacity adjustment factor (CAF) based on 

friction from unexpectedly exiting vehicles.  

4.4.3 Probability of Lane Blockage (PB) 

The probability of lane blockage (PB), which considers the possibility of a vehicle 

temporarily blocking the lane adjacent the queue in an attempt to “squeeze in” to the 

queue, varies from 0.00 to 1.00. A value of 1.00 corresponds to a 100% certainty that 

the lane in the influence area will become blocked for the entire analysis period. 

Likewise, a PB of 0.50 corresponds to the expectancy that the lane will be blocked for 

half of the analysis period (7.5 minutes given the standard 15-minute analysis period). It 

is expected that PB is influenced by the following factors: 

 Proportion of exiting vehicles in the traffic stream, vR/vF: past studies 
(Daganzo and Munoz, 2000) have shown that the proportion exiting vehicles 
within the whole traffic stream, rather than the flow rate of exiting vehicles itself, 
has a strong correlation with capacity reduction along the freeway mainline. It is 
conceivable to believe that higher proportions of vehicles changing lanes across 
the mainline could cause enough turbulence to divert vehicles attempting to join 
the back of the queue, consequently forcing them to join further downstream 
 

 Additional queue length, Qa (feet): the longer the additional queue length 
becomes, the higher the likelihood that an exiting vehicle will either be unable to 
switch lanes in time to join the back of the queue, or that a queued vehicle will 
exit the queue and attempt to gain a more advantageous spot in the queue 
further downstream, thus temporarily blocking an additional lane (Figure 4-11)  
 

 Distance between back of the queue and adjacent upstream on-ramp, LUP – 
Qa (feet): As discussed in Section 4.3.2, when the distance between the 
upstream on-ramp (if one exists) and the back of the queue from the subject off-
ramp decreases, the intensity of lane-changing activity is likely to increase. As a 
result, exiting vehicles may not find the desired spacing and lane-changing gaps 
to enter the back of the queue in time 

Just as in Section 4.4.2, empirical data collection and qualitative observations at 

sites regularly experiencing spillback conditions – before, during and after queuing – are 

necessary to establish accurate prediction models for PB. 
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4.4.4 Final Adjusted Capacity 

The adjusted diverge segment capacity (c), is determined as follows: 

𝑐 =
𝑐𝑑

𝑁
[𝑁𝑂 + 𝐶𝐴𝐹(1 − 𝑃𝐵)] (4-7) 

where c = diverge segment capacity (pc/h), 

cd = base capacity as determined by HCM 2010 Exhibit 13-8 (pc/h), 

N = total number of mainline lanes in the diverge segment (ln), 

NO = number of lanes outside of the influence area (ln), 

CAF = capacity adjustment factor, and 

PB = probability of blockage in the influence area 

 

 

Figure 4-1.  The upstream limit of the available queue storage distance 

 



 

50 

 

 

Figure 4-2.  Extended queue storage length 

 
 

 
 
Figure 4-3.  Regime 1 spillback and influence areas at a diverge segment 
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Figure 4-4.  Regime 2 spillback and influence areas at a diverge segment 

 
 

 
 
Figure 4-5.  Regime 3 spillback and influence areas at a diverge segment 

 
 

 
 
Figure 4-6.  Regime 4 spillback and influence areas at a diverge segment 
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Figure 4-7.  Possible scenarios under which LEQ is evaluated 

 
 

 
 
Figure 4-8.  Expected lane utilization tendencies of non-exiting drivers within the 

influence area 

 
 



 

53 

 
 
Figure 4-8.  Re-ordering of Diverge Segments procedure (HCM 2010 Exhibit 13-4) 

 

 
 
Figure 4-9.  Capacity of Ramp-Freeway Junctions, pc/h (HCM 2010 Exhibit 13-8) 

 

 
 
Figure 4-10.  Distance to the adjacent downstream off-ramp (LDOWN) 
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Figure 4-11.  Additional queue length (Qa) as it relates to capacity reduction 
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CHAPTER 5 
QUANTITATIVE ANALYSIS 

This chapter outlines the primary findings of this study. Section 5.1 summarizes 

the lane-specific flow rates and non-exiting lane utilization trends observed at each 

study site. Section 5.2 provides a comparison of the HCM prediction model results 

versus the field-measured results in undersaturated conditions for lane utilization (PFD), 

average travel speed (S), and density (D). Section 5.3 provides the speed-flow plots 

observed at each study site compared to the fundamental speed-flow curves defined by 

the HCM. Section 5.4 outlines a new framework to predict more accurately performance 

measures in Regime 1 conditions, including a regression analysis to predict the term 

PL1. Finally, Section 5.5 provides a quantitative analysis of the factors that influence the 

probability of lane blockage (PB), as previously discussed in Section 4.4.3. 

5.1 Summary of Data Collected 

Table 5-1 summarizes the data collected in terms of the number of one-minute 

intervals that were observed, organized by the regime.   

 

Tables 5-2 through 5-8 present the raw data collected from each of the study 

sites. Average demands (left-hand side of the tables) were obtained in one-minute 

Table 5-1.  Summary of data collection by regime category    

Freeway/ 
Direction 

Surface Street Date Reg. 0  
  (min) 

Reg. 1 
  (min) 

Reg. 2  
  (min) 

Reg. 3 
  (min) 

Reg. 4 
   (min) 

I-75/SB SR 26 (Newberry Rd.) 11/5/2014 56 4 13 2 0 

I-75/SB SR 26 (Newberry Rd.) 11/6/2014 71 1 3 0 0 

I-95/SB Old St. Augustine Rd. 5/14/2015 50 73 0 0 0 
I-95/SB Old St. Augustine Rd. 7/9/2015 74 50 0 0 0 

I-95/SB I-295 East-West Split 7/9/2015 13 64 0 3 0 

I-95/SB I-295 East-West Split 8/13/2015 62 0 0 0 0 

I-95/SB SR 202 (JTB Blvd.) 8/13/2015 0 62 0 0 0 
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intervals, and proportions of non-exiting vehicles traveling on the freeway mainline lanes 

(right-hand side of the tables) are counted at the diverge points.  

 
Table 5-2.  Data collected at I-75 Southbound / SR 26 (Newberry Road) (11/5/2014) 

Regime Ramp 
(veh/min) 

Lane 1 
(veh/min) 

Lane 2 
(veh/min) 

Lane 3 
(veh/min) 

Lane 1 
 

Lane 2 Lane 3 

Overall 11.7 4.5 13.5 9.1 0.166 0.499 0.335 
0 10.9 5.1 13.1 8.3 0.194 0.493 0.313 
1 14.5 3.8 14.3 11.3 0.128 0.487 0.385 
2 14.5 2.7 15.2 11.6 0.091 0.514 0.394 
3 11.0 0.0 13.0 10.0 0.000 0.565 0.435 

 
 
Table 5-3.  Data collected at I-75 Southbound / SR 26 (Newberry Road) (11/6/2014) 

Regime Ramp 
(veh/min) 

Lane 1 
(veh/min) 

Lane 2 
(veh/min) 

Lane 3 
(veh/min) 

Lane 1 
 

Lane 2 Lane 3 

Overall 11.9 5.0 13.4 9.1 0.182 0.487 0.331 
0 11.8 5.2 13.2 8.8 0.190 0.485 0.325 
1 15.0 3.0 18.0 17.0 0.079 0.474 0.447 
2 13.0 1.7 16.7 12.7 0.054 0.538 0.409 
3 - - - - - - - 

 
 
Table 5-4.  Data collected at I-95 Southbound / Old St. Augustine Road (5/14/2015) 

Regime Ramp 
(veh/min) 

Lane 1 
(veh/min) 

Lane 2 
(veh/min) 

Lane 3 
(veh/min) 

Lane 1 
 

Lane 2 Lane 3 

Overall 26.1 5.9 23.9 35.6 0.091 0.365 0.544 
0 25.9 7.0 24.2 35.0 0.106 0.365 0.529 
1 26.3 5.2 23.7 36.0 0.081 0.365 0.555 
2 - - - - - - - 
3 - - - - - - - 

 
 
Table 5-5.  Data collected at I-95 Southbound / Old St. Augustine Road (7/9/2015) 

Regime Ramp 
(veh/min) 

Lane 1 
(veh/min) 

Lane 2 
(veh/min) 

Lane 3 
(veh/min) 

Lane 1 
 

Lane 2 Lane 3 

Overall 25.5 6.7 24.2 35.4 0.101 0.365 0.534 
0 25.8 8.0 25.3 36.1 0.116 0.364 0.520 
1 25.1 4.7 22.7 34.4 0.076 0.367 0.557 
2 - - - - - - - 
3 - - - - - - - 
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Table 5-6.  Data collected at I-95 Southbound / I-295 East-West Split (7/9/2015) 

Regime Ramp 
(veh/min) 

Lane 1 
(veh/min) 

Lane 2 
(veh/min) 

Lane 3 
(veh/min) 

Lane 1 
 

Lane 2 Lane 3 

Overall 27.1 16.5 24.9 28.5 0.236 0.356 0.408 
0 27.2 11.9 17.5 18.4 0.250 0.366 0.385 
1 27.2 17.5 26.4 30.5 0.235 0.355 0.410 
2 - - - - - - - 
3 25.3 15.7 24.0 28.7 0.229 0.351 0.420 

 
 
Table 5-7.  Data collected at I-95 Southbound / I-295 East-West Split (8/13/2015) 

Regime Ramp 
(veh/min) 

Lane 1 
(veh/min) 

Lane 2 
(veh/min) 

Lane 3 
(veh/min) 

Lane 1 
 

Lane 2 Lane 3 

Overall 50.8 16.6 25.2 32.7 0.223 0.338 0.439 
0 50.8 16.6 25.2 32.7 0.223 0.338 0.439 
1 - - - - - - - 
2 - - - - - - - 
3 - - - - - - - 

 
 
Table 5-8.  Data collected at I-95 Southbound / SR 202 (JTB Boulevard) (8/13/2015) 

Regime Ramp 
(veh/min) 

Lane 1 
(veh/min) 

Lane 2 
(veh/min) 

Lane 3 
(veh/min) 

Lane 1 
 

Lane 2 Lane 3 

Overall 34.1 13.3 25.9 31.0 0.189 0.368 0.442 
0 - - - - - - - 
1 34.1 13.3 25.9 31.0 0.189 0.368 0.442 
2 - - - - - - - 
3 - - - - - - - 

 
 

5.2 Comparison of Performance Measures 

This section provides a comparison between the performance measures 

according to HCM prediction models as found in the existing diverge segments 

procedure and the actual conditions as observed from the data collection efforts. 

Section 5.2.1 outlines the comparison of lane utilization of non-exiting vehicles, Section 

5.2.2 outlines the comparison of average travel speed and Section 5.2.3 outlines the 

comparison of density in the freeway segment.  
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5.2.1 Comparison of Lane Utilization of Non-Exiting Vehicles 

The following plots (Figures 5-1 through 5-6) compare the HCM prediction model 

for lane utilization of non-exiting vehicles (PFD) versus the observed ones at each of the 

study sites in undersaturated (Regime 0) conditions. The line with a 1.0 slope at a 45-

degree angle from the axes represents a “perfect” prediction of the observed field 

conditions observed. Thus, a given data point under the line represents an under-

prediction, whereas a given data point over the line represents an over-prediction. 

In general, it appears that the HCM prediction model for PFD over-predicted the 

proportion of mainline vehicles traveling in the influence area at lower values and vice 

versa for higher values. The transition between over/under predictions of PFD occurs at 

approximately 0.650 for the I-75 Southbound / SR 26 (Newberry Road) study site 

(Figures 5-1 and 5-2) and approximately 0.500 for the I-95 Southbound / Old St. 

Augustine Road study site (Figures 5-3 and 5-4). The prediction model outputs a 

constant value of 0.450 for PFD in cases of two-lane off-ramps, as in the I-95 

Southbound / I-295 East-West Split study site (Figures 5-5 and 5-6).  

5.2.2 Comparison of Average Travel Speed 

The following plots (Figures 5-7 through 5-12) compare the HCM prediction 

model for the average travel speed of the entire freeway segment (S) versus the actual 

observed speeds, according to RITIS data in the same format at the previous section, 

for undersaturated conditions only. The plot format represents the same convention as 

shown in the plots in the previous section. 

In general, the HCM prediction model under-predicted speeds at the at I-75 

Southbound / SR 26 (Newberry Road) study site (Figures 5-7 and 5-8), versus over-

predicting speeds at the I-95 Southbound / Old St. Augustine Road study site (Figures 
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5-9 and 5-10). Mixed results in terms of prediction accuracy were apparent at the I-95 

Southbound / I-295 East-West Split study site (Figures 5-11 and 5-12). 

5.2.3 Comparison of Density  

The following plots (Figures 5-13 through 5-18) illustrate the comparison between 

density predictions for the whole freeway segment (D), calculated by using the 

fundamental speed-flow-density relationship, for each of the study sites. Only 

undersaturated conditions are shown. The HCM density calculation is based on speeds 

acquired from the regression-based speed prediction method, whereas the observed 

density calculation is based on the speed data obtained from RITIS. 

 According to the fundamental speed-flow-density relationship, density is inversely 

proportional to speed. Therefore, it is expected that (given the same flow rate) this 

calculation method will over-predict density to the same extent that it under-predicts 

travel speed and vice versa. This trend is reflected accurately in each of these graphs. 

5.3 Speed-Flow Relationship 

 The following plots (Figures 5-19 through 5-25) show the speed-flow relationship 

observed at each of study site. Ideally, the plotted data points would compare favorably 

to the fundamental speed-flow relationship parabolic curves as defined in the Traffic 

Flow and Capacity Concepts chapter of the HCM 2010 (Chapter 4). It is expected that in 

congested conditions that, at a given free-flow speed, the average travel speed of 

vehicles in the traffic stream will diminish at lower flow rates compared to 

undersaturated conditions.  

 In general, it appears as the ideal speed-flow curve patterns were observed at 

the study sites. At lower flow rates, such as those observed at the I-75 Southbound / SR 

26 (Newberry Road) study site (Figures 5-19 and 5-20), speeds remained relatively 
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constant. At higher flow rates, such as those seen in the five Jacksonville area study 

sites (Figures 5-21 through 5-25), speeds tended to diminsh at flow rate increased. At 

study sites where multiple regime conditions were observed, the plots tended to 

“cluster” in different areas on the graph according to the specific regime under which 

they are classified. 

5.4 Analysis of Lane Utilization Trends 

To obtain the total density of diverge segments under Regime 1 conditions, the 

density of the influence area (Lane 1) and density of the lanes outside of the influence 

area (Lanes 2, 3 and any additional lanes) must be determined separately. Using the 

fundamental speed-flow-density relationship to calculate density under spillback 

conditions requires two important metrics not included in the existing procedure. 

 Proportion of non-exiting vehicles (vF – vR) traveling in Lane 1, PL1  

 Average travel speed of vehicles using Lane 1, SL1  

The calculation of density is as shown in Equation 5-1. 

𝐷𝐿1 =
(𝑣𝐹 − 𝑣𝑅)𝑃𝐿1

𝑆𝐿1
 (5-1) 

 Data collected under Regime 1 conditions from the three study sites in 

Jacksonville were subjected to a regression analysis in an attempt to understand which 

factors influence the lane utilization tendencies of non-exiting vehicles. The existing 

Diverge Segments procedure uses total flow (vF) and exiting flow (vR) to predict the 

proportion of non-exiting vehicles traveling in the influence area (PFD) for three-lane 

freeways with a single, isolated off-ramp. Table 5-9 compares the coefficients used for 

those two predictor terms versus the coefficients yielded from the data collection. Two 

additional regression analyses were performed with the proportion of non-exiting 
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vehicles using Lane 1 (PL1) as the response variable. The first iteration using total flow 

(vF) and exiting flow (vF) as the predictor variables, the second iteration using the 

proportion of exiting vehicles within the whole traffic stream (vR/vF) in addition to the 

original two as the predictor variable. Table 5-10 compares the coefficients for each of 

the prediction variables in the respective models while Table 5-11 compares the results 

of these two regression models using traditional statistics metrics.  

Table 5-9.  Comparison of PFD regression model coefficients   

Regression Model Constant Total Flow, pc/h (vF) Exiting Flow, pc/h (vR) 

HCM 2010 Equation 13-9 0.760 -0.000025 -0.000046 
Data Collection 0.527 -0.000023 0.000064 

 

Table 5-10.  Comparison of PL1 regression model coefficients 

Regression Model Constant Total Flow, 
pc/h (vF) 

Exiting Flow, 
pc/h (vR) 

Proportion of  
Exiting Flow (vR/vF) 

First Iteration -0.193 0.000066 -0.000046 N/A 
Second Iteration 0.011 0.000035 0.000061 -0.705 

 

Table 5-11.  Comparison of PL1 regression model statistical measures 

Regression Model Adjusted R2 Standard Error  F-Test  

First Iteration 0.337 0.0645 64.1  
Second Iteration 0.343 0.0642 44.2  

 

 The regression model generated from data collection shows similar prediction 

trends to the equation used in the Diverge Segments procedure, with the major 

difference being the negative correlation between exiting flow (vR) and non-exiting 

vehicles entering the influence area (PFD). Regarding the prediction the proportion of 

non-exiting vehicles using Lane 1 in Regime 1 conditions, both models perform 

similarly, and it is not clear whether or not including the proportion of exiting vehicles 

(vR/vF) in the regression improves the model’s accuracy. Larger, more comprehensive 

datasets are needed to investigate further these trends.  
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To determine the Density of the lanes outside of the influence area (DO), 

Equation 5-2 is used, this time multiplying the non-exiting flow rate (vF – vR) by the 

“remaining” proportion of mainline vehicles outside of the influence area, (1 – PL1): 

𝐷𝑂 =
(𝑣𝐹 − 𝑣𝑅)(1 − 𝑃𝐿1)

𝑆𝑂
 

(5-2) 

 
The average travel speed data collected in this study via RITIS was based on the 

entire freeway mainline, making it analogous to the HCM metric S, rather than lane-

specific travel speed – SR, SL1 or SO. Therefore, lane-specific travel speed data would 

need to be collected to develop regression-based prediction models for average travel 

speed of vehicles in the influence area, SL1.  

5.5 Probability of Lane Blockage (PB) 

As discussed in Section 4.5.3, the probability of lane blockage (PB) is likely to be 

the most important factor in the determination of capacity. Regime 3 conditions (i.e., 

blockage of Lane 1) occurred in several instances during the data collection effort. 

Tables 5-12 through 5-15 show the difference between several metrics between 

unblocked and blocked conditions.  

Table 5-12.  Comparison of demands under lane blockage conditions 

Regime Ramp 
(veh/min) 

Lane 1 
(veh/min) 

Lane 2 
(veh/min) 

Lane 3 
(veh/min) 

 

1, 2 21.1 6.3 20.2 22.2  
3 19.6 9.4 19.6 21.2  
(% Diff.) -7.1% 48.6% -1.9% -4.6%  

 

Table 5-13.  Comparison of non-exiting lane utilization under lane blockage conditions 

Regime Lane 1 Lane 2 Lane 3  

1, 2 0.114 0.446 0.440  
3 0.137 0.497 0.965  
(% Diff.) 19.9% 11.5% 119.4%  
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Table 5-14.  Comparison of flow rates under lane blockage conditions 

Regime vF (pc/h) vR (pc/h) vR/vF (pc/h)  

1, 2 4,804 1,457 0.31  
3 4,836 1,361 0.29  
(% Diff.) 0.7% -6.6% -7.1%  

 
Table 5-15.  Comparison of speed and density under lane blockage conditions  

Regime S (observed) D (observed)   

1, 2 53.7 mi/h 36.4 pc/mi/ln   
3 37.2 mi/h 70.2 pc/mi/ln   
(% Diff.) -30.8% 93.0%   

 
Based on these comparisons, lane utilization and observed density best indicate 

the occurrence of lane blockage. Regime 3 conditions occurred for only 5 minutes of all 

the data collected, so definitive trends are difficult to assert. Specifically, at the I-75 

Southbound / SR 26 (Newberry Road) study site, lane blockage occurred for 2 of the 19 

minutes (approximately 11%) in which spillback conditions were observed. Likewise, at 

the I-95 Southbound / I-295 East-West Split study site, lane blockage occurred for 3 of 

the 67 minutes (approximately 4%) in which spillback conditions were observed. 

 

Figure 5-1.  PFD at I-75 Southbound / SR 26 (Newberry Road) study site (11/5/2014) 
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Figure 5-2.  PFD at I-75 Southbound / SR 26 (Newberry Road) study site (11/6/2014) 

 
 

 
 
Figure 5-3.  PFD at I-95 Southbound / Old St. Augustine Road study site (5/14/2015) 
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Figure 5-4.  PFD at I-95 Southbound / Old St. Augustine Road study site (7/9/2015) 

 
 

 
 
Figure 5-5.  PFD at I-95 Southbound / I-295 East-West Split study site (7/9/2015) 
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Figure 5-6.  PFD at I-95 Southbound / I-295 East-West Split study site (8/13/2015) 

 
 

 
 
Figure 5-7.  S at I-75 Southbound / SR 26 (Newberry Road) study site (11/5/2014) 
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Figure 5-8.  S at I-75 Southbound / SR 26 (Newberry Road) study site (11/6/2014) 

 

 
 
Figure 5-9.  S at I-95 Southbound / Old St. Augustine Road study site (5/14/2015) 
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Figure 5-10.  S at I-95 Southbound / Old St. Augustine Road study site (7/9/2015) 

 
 

 
 
Figure 5-11.  S at I-95 Southbound / I-295 East-West Split study site (7/9/2015) 
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Figure 5-12.  S at I-95 Southbound / I-295 East-West Split study site (8/13/2015) 

 
 

 
 
Figure 5-13.  D at I-75 Southbound / SR 26 (Newberry Road) study site (11/5/2014) 



 

70 

 
 
Figure 5-14.  D at I-75 Southbound / SR 26 (Newberry Road) study site (11/6/2014) 

 

 
 
Figure 5-15.  D at I-95 Southbound / Old St. Augustine Road study site (5/14/2015) 
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Figure 5-16.  D at I-95 Southbound / Old St. Augustine Road study site (7/9/2015) 

 

 
 
Figure 5-17.  D at I-95 Southbound / I-295 East-West Split study site (7/9/2015) 
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Figure 5-18.  D at I-95 Southbound / I-295 East-West Split study site (8/13/2015) 

 

 
 
Figure 5-19.  Speed-flow plot at I-75 Southbound / SR 26 (Newberry Road) study site 

(11/5/2015) 
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Figure 5-20.  Speed-flow plot at I-75 Southbound / SR 26 (Newberry Road) study site 

(11/6/2015)  

 

 
 
Figure 5-21.  Speed-flow plot at I-95 Southbound / Old St. Augustine Road study site 

(5/14/2015) 
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Figure 5-22.  Speed-flow plot at I-95 Southbound / Old St. Augustine Road study site 

(7/9/2015) 

 

 
 
Figure 5-23.  Speed-flow plot at I-95 Southbound / I-295 East-West Split study site 

(7/9/2015) 
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Figure 5-24.  Speed-flow plot at I-95 Southbound / I-295 East-West Split study site 

(8/13/2015) 

 

 
 
Figure 5-25.  Speed-flow plot at I-95 Southbound / SR 202 (JTB Boulevard) study site 

(8/13/2015) 
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 

In general, in cases of congested conditions – when the volume-to-capacity ratio 

of a given facility (v/c) exceeds 1.00 – the HCM suggests the use of a microsimulation 

tool. While possessing the ability to provide in-depth insight into the underlying causes 

of the spillback, microsimulation tools are not only typically time-consuming and costly, 

but are also customarily employed in cases of existing or short-term operational studies. 

On the other hand, a macroscopic tool is sufficient for long-term planning purposes, as it 

is unrealistic to calibrate driver behaviors and code detailed signal timing settings for 

future-year scenarios. The underlying purpose of this project is to investigate the effects 

of spillback from an oversaturated surface street onto a freeway facility in a 

macroscopic environment, and to understand better driver behavior in response to 

spillback conditions. The framework presented in this thesis is valid only for a specific 

freeway segment configuration: an isolated diverge segment along a three-lane 

mainline freeway. Thus, further empirical investigations of other configurations (two-lane 

and four-lane freeway mainlines, diverge ramps with an upstream merge ramp, weaving 

segments, etc.) are needed to elucidate the effects of spillback upon freeway facilities 

more fully.  

It is of interest to government planning agencies at the federal and state levels to 

evaluate the long-term performance and reliability of freeway facilities in urban areas 

that feature many interchange ramp terminals serving as connections to adjacent 

surface streets. Moreover, it is of highest priority to address deficiencies within 

segments along a given freeway that experience spillback conditions on a regular basis 

(i.e., weekday morning and afternoon peak hours when most inter-city commuters are 
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using them), as opposed to spillback conditions that result from irregular occurrences, 

such as concerts or festivals. Thus, the data collected in the Jacksonville area sites are 

likely more applicable to future 

As previously implied, the separation of Uninterrupted Flow and Interrupted Flow 

into separate sections (HCM 2010 Volumes II and III, respectively) unrealistically 

implies that the two types of facilities are mutually exclusive. The concepts presented in 

this thesis should serve to open up the discussion of freeway-surface street interactions 

to a variety of additional topics, such as oversaturated freeway facilities causing 

operational deficiencies at adjacent surface streets. The findings of the aforementioned 

forthcoming investigations could conceivably serve as a guide in developing a 

computation engine to implement the adjustments to the existing procedure so that 

practitioners serving interested government agencies can deliver recommendations for 

planning projects in a time-effective manner. 

The speed-flow plots shown in Figures 5-19 through 5-25 lend to the argument 

that a regime-based framework is best suited to model freeway-arterial interactions, as 

the regime-specific data points tended to “cluster” in distinctly different regions of the 

graph. 

Data collected at these study sites suggest that the proportion of non-exiting 

vehicles traveling in the influence area (Lane 1 under Regime 1 conditions, PL1) is most 

strongly correlated with the proportion of exiting vehicles within the entire traffic stream 

(vR/vF). This trend is compliant with several of the referenced past studies in Chapter 2. 

According to the fundamental speed-flow curves, in undersaturated conditions, 

any given speed remains constant as the flow rate increases starting at zero vehicles 
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per hour and eventually diminishes at a “break point” depending on the free-flow speed, 

as defined in HCM 2010 Chapter 11. However, under spillback conditions, the “break 

point” appears to occur at a different point along the possible range of flow rates – 

intuition would suggest this occurs at a lower flow rate at any given speed. New 

fundamental speed-flow curves should be developed at a time when more empirical 

data is available. 

Based on the comparison of lane utilization between the HCM prediction models 

versus field observations at diverge segments with two-lane off-ramps (Figures 30 and 

31), it appears that the current model of assigning a singular value is not sufficiently 

accurate for quantifying the proportion of non-exiting vehicles traveling in the influence 

area (PFD). This proportion is directly correlated to the influence area flow rate (v12), 

which is a critical value in the subsequent steps in the diverge segments procedure. 

Therefore, it is feasible to invest time in generating a more accurate regression-based 

prediction model for cases of two-lane off-ramps.  

A site-specific comparison of average travel speed plots (Figures 5-7 through 5-

12) and density plots (Figure 5-13 through 5-18) conforms to the fundamental speed-

flow-density relationship. Specifically, given a fixed flow rate, density is inversely 

proportional to speed (i.e., at sites where the HCM model over-predicts speed, it under-

predicts density to the same extent, and vice versa). Thus, under the proposed 

framework’s principle of calculating density directly (rather than using a regression-

based prediction), the prediction of lane-specific average travel speed becomes a 

critical step, rather than a formality as in the existing procedure.  
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Table 6-1 summarizes the current needs for regime-specific prediction models 

based on the proposed framework in this report. This thesis developed a prediction 

model for PL1 under Regime 1, simply as a framework guide for future data collection. 

Additional data need to be collected to obtain the remaining metrics.  

Table 6-1.  Critical metrics needed for spillback conditions to be developed in future 
research 

Regime PL1 PL2 SL1 SL2 CAF PB 

Regime 1       

Regime 2       

Regime 3       

Regime 4       

 
There are a number of other critical shortcomings discussed in this report that 

can be addressed with future research. In order to properly collect the required data, 

traffic counts under different regime-specific conditions should be recorded in such a 

way that the entire extent of the deceleration lane (LD) and any extended storage length 

beyond that (LE) are visible. The vantage point is essential in determining the operating 

Regime (according to the definitions in Section 4.3.1) and is essential in observing 

demand according to its HCM definition. Additionally, field-measured travel speed 

should be recorded on a lane-specific basis to differentiate between blocked lanes, 

lanes within the influence area and lanes outside of the influence area. Analysis of such 

data could reveal different influence area thresholds than those defined in this report, 

which are based on a limited sample size.  

In terms of specific topics not explored in this project, several items in particular 

are worth bringing attention to. Namely, empirical observations should be made to 

determine how the Regime (or exact additional queue length, Qa) is related to the 

upstream threshold of the diverge junction’s influence area (i.e., if the standard length of 

1,500 feet increases under spillback conditions). Further, a specific term should be 
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defined to describe the length of this increased influenced area to see if it significantly 

affects any important performance measures in subsequent regression analysis. Finally, 

interactions between off-ramps experiencing spillback conditions and adjacent upstream 

on-ramps should be investigated to determine whether or not spillback conditions 

change the way in which the existing HCM models for lane utilization are used (i.e., how 

LEQ is evaluated in comparison to LUP).  

Rather than representing an authoritative methodology to evaluate the effects of 

freeway-arterial interactions, this thesis serves to present new concepts and ideas to 

contribute towards developing a more comprehensive framework. This project features 

only a small dataset of empirical observations in a limited scope in terms of 

infrastructure configuration and geographic region. As such, research should be 

conducted in a variety of settings, and the use of big data with automated collection 

methods to generate greater sample sizes is ideal. Ultimately, a framework that is 

capable of accurately and reliably evaluating freeway-arterial interactions in a 

macroscopic and deterministic setting will save transportation engineers and 

stakeholders at the state and federal levels considerable time and financial resources. 
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