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The term ‘capacity drop’ has been used to define a situation where, during a 

breakdown, the capacity of the freeway segment decreases. The focus of this thesis 

was to develop models that would predict the capacity drop, as well as the actual 

capacity, from ten sites around Florida. These sites were comprised of a variety of 

geometric characteristics that covered many bottleneck types. The models developed 

can be used to predict how much the capacity of a segment will change or, to determine 

the capacity of a segment, before and after breakdown. They also provide valuable 

insight into how the dependent variables react to changes in the geometric 

characteristics. 
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CHAPTER 1 
INTRODUCTION 

Capacity drop (also referred to as two-capacity phenomenon) is a widely 

researched topic in transportation engineering, because of its effects on roadway 

operations. It is defined as a change in the throughput before and after congestion. 

Capacity drop values are inconsistent across studies, some even showing an increase 

in discharge flow, resulting in a capacity rise. Due to the inconsistency in the direction of 

change presented in the literature, the term capacity drop will be referred to as capacity 

change in this research. 

The wide range of capacity change values among studies is in part due to the 

lack of a universal capacity definition. The Highway Capacity Manual (2010) defines 

capacity as “the maximum sustainable hourly flow rate at which persons or vehicles 

reasonably can be expected to traverse a point or a uniform section of a lane or 

roadway during a given time period, under prevailing roadway, environmental, traffic, 

and control conditions” and has been the basis for capacity analysis for years. However, 

this definition has been challenged by researchers. Several new definitions of capacity 

have been used in various studies (Lorenz and Elefteriadou, 2001, Elefteriadou and 

Lertworawanich 2002). 

Understanding capacity change is important for transportation planning, as well 

as for designing and operating our facilities. If planners know how a roadway will 

perform during a breakdown, they can better plan and design future facilities to 

counteract the effects. This improves the freeway system resulting in faster travel times 

and fewer delays. Operators can use information about the capacity change to 
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determine if ramp metering or other mitigation techniques can reduce the magnitude of 

the capacity change.  

The main objective of this thesis is to observe several bottleneck locations and 

investigate whether the capacity change phenomenon is consistently observed. The 

results will be used to develop a model to estimate the capacity changes based on 

factors such as geometric configuration, bottleneck type, operating conditions, etc. 

This thesis will begin with a literature review of past research on the two-capacity 

phenomenon, followed by the methodology. The fourth chapter provides the data 

collection and analysis. The fifth chapter summarizes the model development phase. 

The final chapter provides conclusions and recommendations. 
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CHAPTER 2 
LITERATURE REVIEW 

This chapter provides a literature review of past studies. In order to discuss the 

capacity change and how they vary among studies, the breakdown and capacity 

definitions used also need to be explored. To this end, the literature review is divided 

into three sections. The first section focuses on how past studies have defined 

breakdown events. The second section discusses capacity definitions used in the 

literature. The final section describes the observed capacity drop values from past 

studies. 

Breakdown Definition 

Lorenz and Elefteriadou (2001) explored the relationship between breakdown 

occurrence and freeway capacity. The study was conducted at two on-ramp locations 

along Highway 401 in Toronto, Ontario, Canada. Vehicle speed data were collected at 

both sites and recorded in 20-s intervals. Speed vs. time plots were created for all study 

days for both sites. The authors defined breakdown to occur when the average speed 

across all lanes dropped below 90 km/h (55.9 mph) for at least 5 minutes. The system 

was assumed to have recovered if the speed of all lanes exceeded 90 km/h for at least 

5 minutes. Elefteriadou and Lertworawanich (2002) revised the breakdown definition 

and defined breakdown to occur when speeds dropped below 90 km/h (55.9 mph) for a 

period of 15 minutes. It is noted by the authors that individual freeways will have 

different speed thresholds and different time periods. They also concluded that 

geometry and free flow speed can greatly affect these thresholds. 

Brilon (2005) performed a parametric analysis on capacity data obtained from 

German Autobahns in an effort to derive the distribution of capacity. Only capacities at 
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bottlenecks were used. For this paper, breakdown occurred when the average speed 

dropped below 70 km/h (43.5 mph), during one time interval (5-minutes). In addition, the 

speed drop was at least 10 km/h (6.2 mph) to avoid intervals of recovery that occur 

within larger congestion periods. 

Jia et al. (2010) developed a methodology for determining breakdowns, while 

also investigating the distribution of pre-breakdown flow. Data were obtained from San 

Antonio, Texas’ TransGuide system and San Francisco Bay Area’s archived data, 

PeMS (Performance Measurement System). Data were gathered for a 21 month period. 

Criteria were imposed on the data, resulting in a final data set of seven on-ramp 

locations; two from the San Antonio area and five from the Bay Area. The data for all 

sites were aggregated into 15-min intervals. The proposal for breakdown determination 

consists of finding each individual segment’s critical speed and critical density values. 

According to the authors, a breakdown occurs when the speed of the segment drops 

below the critical speed and at the same time, its density is greater than or equal to the 

boundary between C and D Level of Service (LOS). The critical speed is calculated as 

the summation of the 15-minute flow rate (for the top one percentile flows) divided by 

the summation of the densities (for each 15-minute observation). As a precaution, the 

same analysis was performed on the next downstream sensor to ensure non-congested 

conditions and avoid spillback. 

Zhang and Levinson (2010) tested multiple hypotheses related to ramp metering 

in the Twin Cities of Minnesota. The study tested the effects of ramp metering vs. no 

metering and whether having metering affects the capacity of the mainline. Two seven 

week periods were examined, one with metering on, the other with it off. The proposed 
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breakdown definition uses different thresholds of occupancy, based on which three flow 

regimes are defined; congested, uncongested, and intermediate. The congested 

condition is defined as having a minimum occupancy of 25% per lane. If the segment 

has an occupancy of less than 20% per lane, it is considered uncongested. Anything 

other than these two regimes is labeled intermediate. The upstream and downstream 

detectors are then observed. If the downstream detector is under uncongested 

conditions while the upstream detector is congested for at least five consecutive 

minutes, then the segment between these two detectors is considered an active 

bottleneck. 

Kühne and Lüdtke (2012) used statistical methods to test a revision to the speed 

drop definition used to identify a breakdown event. The authors recognize 

characteristics associated with a breakdown, such as the defined speed drop, pre-

breakdown traffic flow, and speeds after breakdowns, but do not explain further what 

these relationships are. Instead, they defined a breakdown based on the queue length, 

denoted as ncrit. The authors state that this value is arbitrary, similar to the amount of 

speed drop that classifies a breakdown. This definition was performed on the autobahn 

A9 near Munich, with and without the use of variable speed limits. The results for ncrit 

were 12.8 and 9.75 vehicles, respectively. A sigmoidal distribution was found to be the 

best fit for the cumulative breakdown probability distribution for both with and without 

the use of variable speed limits. Each threshold value is dependent on the site, and 

varies based on the flow and speed. 

Oh and Yeo (2012) estimated capacity drop values at several on-ramp merge 

locations, each with varying number of lanes. The authors explain that four traffic states 
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can exist: (1) free flow conditions, (2) transition to bottleneck, (3) bottleneck, and (4) 

recovery period. In order to determine when these conditions occur, three definitions 

were used. The first relates to free flow conditions which exist when both the upstream 

(Vu) and downstream (Vd) speeds are greater than or equal to 50 mph. The second 

definition relates to both the transition period and the recovery period. These periods 

exist when Vu is between 40 and 50 mph and Vd is greater than or equal to 50 mph. 

Bottleneck conditions occur when: 

mphVu 40  (2-1) 

mphVd 50  (2-2) 

min155)( formphVSDVSD du   (2-3) 

Where, 

SD = standard deviation 

Kondyli et al. (2013) observed five on-ramp merge freeway segments in order to 

develop models that would predict the breakdown flow. Data were collected and 

aggregated into 1-minute intervals. Three breakdown identification algorithms were 

used for this study, a speed-based, an occupancy based, and a volume-occupancy 

correlation algorithm. The speed and occupancy based algorithms define a breakdown 

based on the speed drop or occupancy rise associated with a breakdown. The speed or 

occupancy difference between consecutive 1-minute intervals are calculated. If there is 

a speed drop (or an occupancy rise) and the average speed preceding the drop (or 

occupancy preceding the rise) is greater than the average of the speeds (or 

occupancies) after the drop plus the threshold (10 mph for speed, 5 % for occupancy) 

for at least 10 minutes, then a breakdown has occurred. The other method used is a 
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volume-occupancy correlation algorithm, where the correlation between volume and 

occupancy is calculated over a 15-minute period. If the correlation drops below a user-

defined threshold (in this paper .5), then congestion has begun. All three algorithms 

were used for the study, and it was determined that the speed based method detects 

breakdowns earlier than the occupancy and the volume-occupancy correlation methods. 

The following table summarizes the literature review findings regarding the 

breakdown definition. 

Table 2-1.  Breakdown summary 

Authors Breakdown definition Comments 

Lorenz and 
Elefteriadou 
(2001) 

Average speed of all lanes drops 
below 90 km/h for at least 5 min. 

System recovered if 
speed ≥ 90 km/h for at 
least 5 min. 

Elefteriadou and 
Lertworawanich 
(2002) 

Average speed dropped below 90 
km/h for at least 15 min. 

Based on previous 
research, thresholds 
will vary between 
freeways; geometry 
and free flow speed 
affect thresholds. 

Brilon (2005) Average speed drops below 70 
km/h; speed drop must be at least 
10 km/h. 

 

Jia et al. (2010) Speed drops below the critical 
speed and density is ≥ to the 
boundary between C and D level 
of service (LOS). 

Critical speed and 
density vary by site; 
must calculate values 
for all sites. 

Zhang and 
Levinson (2010) 

Upstream occupancy ≥ 25% per 
lane, downstream detector is 
uncongested (occupancy <20% 
per lane). 

Flow regimes are based 
on occupancy. 

Kühne and Lüdtke 
(2012) 

Proposed another measure for 
breakdown determination, critical 
queue length. 

Arbitrary value, based 
on site, flow, and 
speed. 

Oh and Yeo (2012) Vu ≤ 40 mph, Vd ≥ 50 mph, and (SD 
Vu + SD Vd) for 15-min(t-1, t, t+1) 
< 5 mph. 

Vu = Upstream speed 
Vd = Downstream speed 
SD = standard deviation 

Kondyli et al. 
(2013) 

Speed based method, occupancy 
based method, and volume-
occupancy correlation method. 

Speed based method 
detects breakdowns 
earlier than other two 
methods. 



 

18 

All the authors agree that certain criteria must be met for a breakdown to exist, 

however they do not all agree on what the criteria should be. Speed thresholds are the 

most common determinants of a breakdown. Initially, it appears that a static value (90 

km/h) over some time period was acceptable. In more recent studies, these speed 

values vary from site to site. Kondyli et al. (2013) observed a speed drop over a defined 

time period, and concluded that this method detects breakdowns earlier than other 

methods tested. The analysis provided in that study was used to determine breakdown 

start and end times for this thesis. At the same time, other measures have been 

evaluated for breakdown determination, such as density and queue length. These are 

also threshold values that can vary from site to site. In conclusion, several measures 

can be used to determine a breakdown, with a drop in speed over a period of time being 

the most common. These measures and their values may vary between sites, and 

individual site assessment is recommended to select the most suitable one. 

Capacity Definition 

Persaud et al. (1998) explored capacity drop and the use of metering effects in 

mitigating bottlenecks. Three locations in Toronto, Ontario, Canada were studied in this 

report. All sites have on-ramp merge bottlenecks, however the third site has a slight 

curve, which may account for some differences. For this study, only the median lane 

was observed. This was because trucks are prohibited from using this lane. 5-minute 

aggregate data were used for the analysis. Four values were observed to describe the 

entire breakdown and recovery; a time (Tb) that corresponds to the flow at breakdown 

(Qb), as well as a time (Td) that corresponds to the mean queue discharge flow (Qd). Qb 

is the breakdown flow, which is the average flows over the 5-minute period preceding 

the start of breakdown. Qd was determined as the mean flow after the transition period 



 

19 

(from uncongested to congested conditions) until speeds recovered back to 

uncongested levels. Both of these values were used to determine capacity change 

values. 

Lorenz and Elefteriadou (2001) defined capacity to be the breakdown flow rate 

(i.e., the flow rate prior to the breakdown event). Data obtained in 20-s time intervals 

were aggregated to 1-, 2-, 5-, and 15-minute intervals. The breakdown flows were 

recorded for each of the four time intervals for two sites. The conclusions showed that 

breakdowns occurred at different capacities at both sites all days. Some days, multiple 

breakdowns had occurred at one site, but with different capacity values. Other days, a 

breakdown would occur at one flow value, and on another day, no breakdown would 

occur with flows much higher than the previous day. The conclusions drawn from these 

events are that a capacity value can vary from site to site, day to day, and even within 

the same day. The authors propose a refined definition for capacity for inclusion to the 

Highway Capacity Manual to incorporate the probability of a breakdown, “the rate of 

flow (expressed in pc/hr/ln and specified for a particular time interval) along a uniform 

freeway segment corresponding to the expected probability of breakdown deemed 

acceptable under prevailing traffic and roadway conditions in a specified direction.” 

Elefteriadou and Lertworawanich (2002) compared several capacity definitions. 

Three definitions were utilized for this study; (1) breakdown flow defined as the 5- (or 

15-) min flow immediately before the breakdown, (2) observed maximum pre-

breakdown flow defined as the maximum 5- (or 15-) min flow occurring before the 

breakdown, and (3) observed maximum discharge flow defined as the maximum 5- (or 

15-) min flow during the breakdown. Frequency histograms were created for all three 
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definitions, for both the 5- and 15-min periods, for both study sites. The Chi-square and 

Kolmogorov-Smirnov (K-S) tests were used to compare the distributions to the normal 

distribution. At the 5% level of significance, the normal distribution was found to be a 

good fit for all three definitions. T-tests were performed to compare the mean values of 

each site. The authors recommend using the breakdown flow for future capacity 

analysis projects for four reasons: (1) it was the lowest value in almost every analysis, 

making it a conservative value, (2) a breakdown needs to occur for the other two 

definitions to be used, (3) it complies with the current capacity definition as the 

boundary between congested and uncongested conditions, and (4) it can be associated 

with the probability of breakdown. 

Brilon (2005) tested several capacity distributions. The author first applied the 

Product Limit Method (PLM). Using this method, an estimated distribution function for 

capacity, denoted as Fc(q), was created. The results were based on 3 years of 

continuously collected counts at two freeway sections along German Autobahns, in 5-

minute increments. Brilon also investigated various distributions to fit to the traffic 

breakdown volumes, such as the Gamma, Weibull, and normal distributions. The 

Weibull distribution was the most appropriate fit. Brilon (2005) concluded that capacity, 

defined as the volume as traffic transitions from free flowing to congested conditions, is 

Weibull-distributed. Furthermore, Brilon (2005) suggested to use the 50th-percentile of 

the Weibull-function as the “nominal capacity” value. 

Cassidy and Rudjanakanoknad (2005) explored the effects of an isolated merge 

on capacity drop, and how ramp metering may mitigate the effects. An on-ramp merge 

bottleneck along Freeway 805 in San Diego, California was chosen as the study site. 
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For this study, capacity was defined as the sustained flow a freeway discharges from all 

exits, when the merge ramps are queued, and the off-ramps are not blocked. The 

capacities used for this study (the breakdown and discharge flow) were determined by 

creating cumulative curves, using the equation: 

)(*)()( 00 ttqtVtO   (2-4) 

Where, 

O(t) = oblique coordinates 

V(t) = virtual vehicle count  

q0 = specified rate  

t = time 

t0 = start time 

The breakdown flow is the average flow of the period preceding the breakdown. The 

interval is not mentioned, but the cumulative curves show that it can vary based on what 

the conditions are leading to a breakdown. The discharge flow was the average flow 

over the entire discharge period. The capacity at the merge was found to vary based on 

the queues that form and the traffic conditions near the merge, rather than be a fixed 

value. 

Elefteriadou et al. (2006) discussed the current capacity definition provided by 

the Highway Capacity Manual (HCM). Three possible capacity definitions are 

presented: (1) the maximum flow before the breakdown; (2) the flow the instant before 

the breakdown; (3) and the flow after the queue has formed. A time interval also needs 

to be established for each of the three potential capacity definitions. The authors agreed 

that six possible definitions could be used. Four of these are the maximum pre-
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breakdown 5- or 15-minute value and the 5- or 15-minute value prior to the breakdown. 

Finally, the sustained pre-queue or the average queue discharge flow are also explored. 

The authors were unable to come to a consensus on which definition is the best, but 

several conclusions were made. All the authors agree that maximum pre-breakdown 

flow is closest to the definition provided by the HCM, but is difficult to obtain because a 

breakdown must occur in order to gather it. If a breakdown does not occur, it is possible 

that the flow could always be greater. During congested conditions, the queue 

discharge flow (qdf) is preferable over the maximum pre-queue flow. An average value 

should be obtained. As for the distribution for this variable, the authors argue that either 

the mean, 50th percentile, or the 15th percentile could be used for measuring the qdf. 

Chung, Rudjanakanoknad, and Cassidy (2007) investigated the capacity drop 

mechanism at three different breakdown type locations. The capacity of the three 

locations was found using O-curves that are created using Equation 2-4. Trend lines are 

used to better visualize data; when these trend lines change slope on the O-curve, a 

flow change has occurred. Visual inspection of the O-curves shows when a breakdown 

begins, and the capacities existing before and after this time are used to calculate the 

capacity drop. The breakdown flow is the average flow of the period preceding the 

breakdown. The interval is not mentioned, but the cumulative curves show that it can 

vary based on what the conditions are leading to a breakdown. The discharge flow was 

the average flow over the entire discharge period. Each site experienced varying 

capacities among all days. The start of the breakdown also varied amongst the days 

studied. 
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Jia et al. (2010) developed a methodology for identifying breakdowns, while also 

determining the best distribution for the pre-breakdown flow, which the authors define 

as capacity. The data were first converted into passenger-car equivalent flows, for 

consistency. The default HCM value of five percent was used for heavy vehicles.  

The remaining data were converted into average pre-breakdown headways. The 

Kolmogorov-Smirnov test for goodness of fit was applied to the data. Distributions 

tested were the shifted Lognormal, Normal, Exponential, Weibull, and Gamma. For all 

seven sites, the shifted Lognormal distribution was found to be the best fit. From the 

average pre-breakdown headways distribution, pre-breakdown flows could be derived, 

in units of pc/hr/ln. It was determined that the HCM definition of capacity does not 

represent the capacity seen in the field. A freeway can breakdown over a range of 

flows, making breakdown a probabilistic event. 

Oh and Yeo (2012) observed 16 on-ramp merge bottleneck sites to estimate 

capacity drop. Data were collected from the Performance Measurement System 

(PeMS), given in 30-s intervals. Capacity, denoted as Qc, and the discharge flow, Qd, 

were used to estimate the capacity drop. The capacity used for this study was defined 

as the “maximum number of vehicles that persist for 5 min in a free-flow state.” After 

reviewing several studies, the authors determined that the capacity is sustained over a 

5-min interval, rather than a 15-min interval. The 5-minute period before an upstream 

queue formed was observed. The “maximum number of vehicles that persist for 5-min in 

a free flow state” was used as the capacity. Discharge flow was calculated using the 

standard deviations of the upstream and downstream speeds in 15-minute intervals. 
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The discharge flow was defined as the flow at which Equation 2-3, was a minimum 

during the bottleneck. 

Kühne and Lüdtke (2012) stated that “the capacity is the traffic volume which 

corresponds to a given probability (e.g. 15%) for a breakdown within a given 

observation time (e.g. 1 min).” These values are not recommendations given by the 

authors, but instead are an example of the work performed in the paper. The definition 

applies to all work following their paper, but the numbers change based on the 

observation interval. 

The following table presents a summary of the capacity definitions used in the 

literature. 

Table 2-2.  Capacity definition summary  

Authors Capacity definition(s) used for study Comments 

Persaud, Yagar, and 
Brownlee (1998) 

Breakdown flow and mean queue 
discharge flow. 

The data were 
aggregated into 5-
min averages.  

Elefteriadou and 
Lertworawanich 
(2002) 

Breakdown flow, maximum pre-
breakdown flow, and maximum 
discharge flow. 

5- and 15-minute 
intervals were 
used. The normal 
distribution fit to all 
three definitions. 

Brilon (2005) “Volume at which traffic breaks down 
from fluent to congested.” 

 

Capacity distribution 
function is 
Weibull-
distributed. 

Cassidy and 
Rudjanakanoknad 
(2005) 

Sustained flow a freeway discharges 
from all exits. 

O-curves used to 
determine when a 
breakdown 
occurred and the 
capacity. 

Elefteriadou et al. 
(2006) 

Breakdown flow, maximum pre-
breakdown flow, sustained pre-
queue, and average queue 
discharge flow. 

5- and 15-minute 
intervals were 
used. 
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Table 2-2.  Continued 

Authors Capacity definition(s) used for study Comments 

Chung, 
Rudjanakanoknad, 
and Cassidy 
(2007) 

Breakdown flow. O-curves used to 
determine when a 
breakdown 
occurred and the 
capacity. 

Jia et al. (2010) Pre-breakdown flow derived from 
average pre-breakdown headways 
distribution. 

 

Average pre-
breakdown 
headway has a 
shifted lognormal 
distribution. 

Oh and Yeo (2012) Maximum number of vehicles over a 
5-min period at free flow speed. 

5-min period was 
chosen over 15-
min period 
because of 
sustained 
capacity. 

Kühne and Lüdtke 
(2012) 

“Traffic volume which corresponds to 
a given probability (e.g. 15%) for a 
breakdown within a given 
observation time (e.g. 1 min).” 

 
 

 
There are several definitions for capacity used in these studies. Many of the 

definitions used are similar, such as the breakdown, the pre-breakdown, and the queue 

discharge flow. The most often used time intervals are either 5- or 15-minutes. The 

papers differ in whether to use the average flow or the maximum flow. During the 

course of their studies, some authors developed new definitions for capacity. Some of 

these definitions relate capacity to the probability of breakdown. In conclusion, there is 

not one conclusive definition for capacity. However, there are some commonly used 

definitions which will be explored during this research. 

Capacity Drop 

Persaud et al. (1998) explored the capacity drop and how the use of ramp 

metering might be able to mitigate bottlenecks. The authors recorded several capacity 

drop values. At Site 1 (on-ramp merge bottleneck) the capacity drop during the AM 
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period for the median lane was 14.4 percent and 11.6 percent for all lanes. During the 

PM period, the median lane capacity drop was 16.9 percent, while the drop for all lanes 

was 15.3 percent. At Site 2 (on-ramp merge bottleneck) the capacity drop for the 

median lane in the AM period was 12 percent; for all lanes during the AM period the 

drop was 10.6 percent. At the third site (expressway on-ramp with a slight curve) the 

capacity during the PM period for the median lane was 26.2 percent. 

Lorenz and Elefteriadou (2001) also explored the two-capacity phenomenon. A 

histogram was developed for the queue discharge rate for Site A with data aggregated 

into 5-min periods. The median value for Site A was determined to be 1,600 vehicles 

per hour per lane (veh/hr/ln) with a range between 700 and 2,000 veh/hr/ln. The 

breakdown flow ranged between 900 and 2,800 veh/hr/ln for both sites using the 

aggregation periods of 1-,5-, and 15-minute periods. During the capacity drop analysis it 

was observed that the magnitude of the drop is dependent on the flow at which a 

breakdown occurs. If a breakdown occurs at a very large flow rate, a drop will almost 

certainly exist. However, a breakdown event occurring at low flow rates may actually 

cause an increase in the outgoing flow. One example is provided, a breakdown flow of 

1,500 veh/hr/ln increases to a queue discharge flow rate of 1,600 veh/hr/ln. 

Elefteriadou and Lertworawanich (2002) examined two sites in Toronto, Ontario, 

Canada. Three definitions were used for the study, the breakdown flow, maximum pre-

breakdown flow, and the maximum discharge flow. Instead of calculating the capacity 

change, the difference between the capacity definitions was calculated. The authors 

concluded that the breakdown flow was less than the maximum pre-breakdown and 

maximum queue discharge flows. Another important conclusion was that for site A the 
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maximum pre-breakdown flow was less than the maximum discharge flow. For site B, 

the reverse was true. The authors attribute this to different geometric characteristics of 

the two sites. 

Cassidy and Rudjanakanoknad (2005) explored the effects of an isolated merge 

on capacity drop, and how ramp metering may mitigate the effects. Capacity drop 

values were collected over several days along California’s Freeway 805. These ranged 

from 8.3 to 17.3 percent, with an average of 11.7 percent. Analysis showed that the 

capacity drop originated from the shoulder lane and propagated laterally across the 

freeway. The capacity drop began when the shoulder lane reached a “critical 

accumulation” (i.e. queue length) of 16 vehicles. This was reproduced during every 

study day. When the shoulder lane reached 16 vehicles, the number of lane changes 

across all lanes increased dramatically (approximately from 500/h to 1100/h). This 

increase was accompanied by the capacity drop. The authors conclude that, in order to 

avoid the queue forming in the shoulder lane, drivers will change lanes. This lane 

changing caused drivers to slow down and be more cautious resulting in a capacity 

drop. 

Chung et al. (2007) investigated the capacity drop mechanism at three different 

bottlenecks. Relating the density of the network to the capacity drop was the main focus 

of this paper. The density for all three locations was calculated by dividing the vehicle 

accumulation by the distance between the start and end of the bottleneck. The 

bottleneck distance is taken as the distance between the two detectors that encompass 

the bottleneck. The first location was a merge bottleneck on Interstate 805 in San 

Diego, California. Capacity drops of at least 10 percent were common for this location. 
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The density of this location during the breakdowns ranged from 188 to 254 veh/km 

(116.8 to 157.8 veh/mi). The second location was along SR 24 in San Francisco Bay 

Area; it consisted of a lane drop bottleneck. Capacity drops ranged between 5 and 18 

percent, while the density values were between 89 and 96 veh/km (55.3 to 59.67 

veh/mi). The final location was on the Gardiner Expressway in Toronto, Ontario, 

Canada; it was considered a horizontal curve bottleneck. The capacity drop values were 

between 3 and 12 percent; density values between 153 and 179 veh/km (95.1 to 111.2 

veh/mi). The average densities for each site were normalized by number of lanes, in 

order to compare. These densities are similar among the three sites. Location 1 had an 

average density of 55 veh/hr/ln, location 2 with 46 veh/hr/ln, and location 3 with 56 

veh/hr/ln. The smaller average density for the second location is explained by the 

authors as a result of the way the data were collected, which was different than the 

method used for locations 1 and 3. 

Zhang and Levinson (2010) examined multiple breakdown sites in Minnesota 

with and without ramp metering. They determined that by using ramp metering, 

breakdowns can be postponed or even eliminated. It was also determined that the flow 

drops without metering ranged from 2 percent to 11 percent with a standard deviation of 

2.2 percent. With metering the flow drops ranged from .1 percent to 9 percent with a 

standard deviation of 2.6 percent. The authors stress that these percentages are based 

on flow drops, not capacity drops. This is because no capacity definition was provided 

for this study. Instead, the authors used flows derived from cumulative curves analysis. 

The intervals for these capacities are not stated, but the average flow preceding the 

breakdown is used for the breakdown flow, while the average over the entire discharge 
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period is used for the discharge flow. They conclude by saying that the percentage flow 

drops are normally distributed. 

Oh and Yeo (2012) observed 16 on-ramp merge bottleneck locations in 

California. The California Performance Measurement System (PeMS) was used to 

gather data. The number of lanes on the selected sites varied from 2 to 5, and the 

objective was to evaluate the impact of number of lanes on capacity drop. It was 

observed that higher number of lanes resulted in lower capacity drop values; the 

average capacity drop values for 2-, 3-, 4-, and 5-lane were 16.33 percent, 13.68 

percent, 11.61 percent, and 8.85 percent, respectively. Another aspect of capacity drop 

that was investigated was the effect of an off-ramp. Five three-lane highways were 

observed during this study, two with no downstream off-ramp, one with a one lane off-

ramp, and two with a two-lane off-ramp. The results of the capacity drop analysis 

showed that the no off-ramp study sites had larger capacity drop values than the two-

lane off-ramps, showing a potential mitigation technique by having a two lane off-ramp. 

However, a similar assumption could not be made for the one lane off-ramp, since its 

capacity drop value was similar to the values for the no ramp situation. It is unclear if the 

reason why the sites with a two-lane off-ramp experience lower capacity drops is due to 

a greater discharge capacity or a lower pre-breakdown capacity. The final analysis 

performed was on individual lanes capacity drop. These observations showed that both 

capacity and discharge flow increase the further you move away from the shoulder lane. 

It also showed that both the pre-breakdown and discharge flows decreased as you 

move closer to the shoulder, but the difference between these values grew smaller, 

resulting in a decreased capacity drop closer to the shoulder lane. 
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Table 2-3 summarizes the literature review findings related to the capacity drop. 

Table 2-3.  Capacity drop summary 

Authors  Breakdown type Capacity drop (%) Comments 

On-ramp merge configuration 
Persaud et al. (1998) On-ramp merge 

On-ramp merge 
On-ramp merge 

11.6 - 16.9 
10.6 - 12 
26.2 

 
 

Lorenz and 
Elefteriadou 
(2001) 

On-ramp merge -6.25 (increase)  
 

Elefteriadou and 
Lertworawanich 
(2002) 

On-ramp merge  Site A: Differences 
between -677 
and 238 
veh/hr/ln 

Site B: Differences 
between -740 
and 274 
veh/hr/ln. 

Cassidy and 
Rudjanakanoknad 
(2005) 

On-ramp merge 8.3 - 17.3; average 
11.7 

Capacity drop 
began when the 
shoulder lane 
reached 16 
vehicles. 

Chung et al. (2007) On-ramp merge At least 10 Average 
density/lane 
(veh/km/lane) 
similar among 
all sites. 

Zhang and Levinson 
(2010) 

On-ramp merge 2 – 11 (without 
metering) 

.1 – 9 (metering) 

These values 
correspond to 
flows, not 
capacities. 

Oh and Yeo (2012) On-ramp merge, 
2 lanes 

On-ramp merge, 
3 lanes 

On-ramp merge, 
4 lanes 

On-ramp merge, 
5 lanes 

16.33 
 
13.68 
 
11.61 
 
8.85 

Capacity, 
discharge flow, 
and capacity 
drop increase 
moving away 
from the 
shoulder lane. 
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Table 2-3.  Continued 

Authors  Breakdown type Capacity drop (%) Comments 

Horizontal curve configuration 
Chung et al. (2007) Horizontal curve 3 – 12 Average 

density/lane 
similar among 
all sites. 

Lane drop configuration 
Chung et al. (2007) Lane drop 5 – 18 Average 

density/lane 
(veh/km/ln) 
similar among 
all sites. 

 
As shown, the most common type of bottleneck analyzed is the on-ramp merge 

bottleneck. Some authors did examine bottlenecks due to lane drops and horizontal 

curves. The capacity change values range between -6.25 and 26.2 percent. This 

variability arises from differences in data collection techniques, capacity definitions, and 

type of bottleneck. Based on the results from Oh and Yeo (2012), it appears that 

capacity drop originates from the shoulder lane, as vehicles attempt to change lanes, 

either because of a lane drop or on-ramp merge. The capacity drop then continues 

laterally across the segment as more vehicles attempt to change lanes to avoid the 

slowdowns in the shoulder. 

Some researchers have attempted to recreate capacity drop in simulation. 

According to Laval and Daganzo (2006), lane changing causes capacity drop in 

freeways. Because of this, the authors proposed a new model that tracks lane changes. 

They introduced a hybrid approach to the kinematic wave (KW) theory. The model was 

tested on a 3-lane freeway, which reduces to 2-lanes. After approximately 10 minutes 

(from t = 0 to t = 10) the capacity of the segment experiences a drop of 9.3 percent. This 

simulation was performed many times, with only slight variation in the initial capacity 
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drop value. The capacity drop results of simulation are consistent with the values seen 

in the field. Bertini and Leal (2003) observed the capacity drop at bottlenecks caused by 

lane-drops; the results are similar to those found in this paper. The values are also 

similar to those of Cassidy and Rudjanakanoknad (2005), who studied on-ramp merge 

bottlenecks. The authors believe that the underlying cause of these breakdowns is lane 

changing, either due to a lane drop or a merging section, which is why the results are 

similar across different studies. 

Van Wageningen-Kessels et al. (2011) explored the accuracy of these models in 

representing capacity drop, as well as stop-and-go waves. They studied the optimal 

velocity model (OVM) and the Lighthill-Whitham-Richards model (LWR). The OVM 

models individual cars, the LWR “models traffic as continuous flow.” The LWR does not 

provide a good representation for capacity drop, however, there have been 

advancements to this model to include the capacity drop phenomenon, referred to in 

this paper as LWR + CD. The authors concluded that the models that best represent 

capacity drop are the Intelligent Driver Model (IDM) (Treiber et al., 2000), the LWR + CD 

(Edie, 1961), and the Payne + Hysteresis (Zhang, 1999). 

Parzani and Buisson (2012) attempted to create a model for merge sections that 

would also incorporate potential capacity drop effects. The authors suggested using two 

separate models, in conjunction, to create a model that improves on the LWR model. 

The first model used was the Aw-Rascle single-road model (AR model). It consists of a 

conservation of mass equation, along with an “anticipation equation”, which describes 

how a driver’s speed adapts to the environment. Because the authors wished to look at 

merge bottlenecks, the second model is the Haut and Bastin (HB model) for junctions. 
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Several experiments were performed on the two models for validation purposes. 

Afterwards, a capacity drop simulation was performed. The results show that the flow 

before congestion exceed the flow after congestion, consistent with the capacity drop 

definition. However, the model should be validated with additional data from on-ramp 

merge bottlenecks. Capacity increases were not seen in this simulation example. 

Table 2-4.  Capacity drop model summary 

Authors  Traffic flow 
model 

Improvements Comments 

Laval and Daganzo 
(2006) 

Hybrid 
kinematic 
wave (KW) 
theory. 

 A 9.3% drop was 
recorded, 
consistent with 
Bertini and Leal 
(2003) and 
Cassidy and 
Rudjanakanoknad 
(2005). 

Van Wageningen-
Kessels et al. 
(2011) 

OVM 
LWR. 

Models with best 
capacity drop 
representation: 
the Intelligent 
Driver Model 
(IDM), the LWR 
with capacity drop 
(LWR + CD), and 
the Payne + 
Hysteresis. 

 

Parzani and 
Buisson (2012) 

Aw-Rascle 
single-road 
model. 

Haut and Bastin 
model. 

Uses the two 
models together 
to provide better 
results than the 
LWR model. 

 

Capacity drop 
was observed, 
but validation 
with field data 
is needed. 

 
Summary and Conclusions 

It can be seen from this literature review that there are several approaches to 

perform this type of study leading to the inability to compare results between different 

studies. There is no consensus on the definitions of breakdown and capacity, but some 



 

34 

key points are consistent among them. With regards to breakdowns, thresholds are 

used to determine their activation. The most common is a when the average speed 

drops below a predefined speed over a specified time period. Authors that use this 

method agree that the magnitude of the speed drop, as well as the length of time, will 

vary across sites. Free flow speed, roadway geometry, and other factors can greatly 

affect the speed thresholds that define a breakdown. Capacity definitions also vary 

across studies. Variations of breakdown, pre-breakdown, and discharge flows are used. 

This research will follow similar steps to the studies reviewed. The main objective 

of this study will be to investigate whether the capacity drop phenomenon is consistently 

observed across several study sites and quantify the relationship between the capacity 

change and several other parameters. The method for determining bottleneck activation 

will be the speed drop method, which is explained in the methodology section. Several 

parameters will be explored which will be used to compare the magnitudes of the 

capacity change. These results will be used to develop a model to estimate the capacity 

change based on the above geometric and traffic conditions. 
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CHAPTER 3 
METHODOLOGY 

This chapter provides an overview of the methodology followed by an in-depth 

description of each step. 

Overview of Methodology 

The process begins by selecting study sites and the appropriate days of study. 

Data are collected for these days and used to determine the time of each breakdown. 

Based on these times, several capacity definitions are used to extract capacity values. 

These values are used to calculate the capacity change, which is then used to create 

regression models to estimate capacities, capacity difference, and percentile difference. 

Step 1 

The first step is to compile a list of acceptable study sites. These sites must be 

urban freeways with detector data available for at least a year. The sites must also 

experience recurrent congestion due to high demand. Different types of bottlenecks are 

examined: merge, diverge, lane drop, and weaving. 

A list of acceptable study days is also needed. A period of at least a year is 

necessary in order to ensure a large sample. Weekends and holidays are omitted from 

the final list. The weather conditions can be determined from the National Weather 

Service website. A monthly archive of weather conditions dating back to 2010 were 

retrieved to obtain rainfall amounts as well as foggy conditions. Days with incidents and 

poor weather conditions (precipitation over .2 inches or foggy conditions) are also 

removed. Incident data were obtained from the INRIX website’s data archive. This 

feature provides information on past incidents for many sites in Florida. 
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Step 2 

The next step is to determine the time a breakdown occurred. The method used 

is the speed drop method. The cumulative curves method for determining breakdowns 

was explored and presented in the pilot study introduced in the thesis proposal. It 

produced less precise results than the speed drop method. Therefore, this method was 

not used for the rest of the sites analyzed. 

The breakdown identification algorithm presented in Kondyli et al. (2013) will be 

used to determine abrupt speed drops. 

The procedure begins by calculating the speed difference between two 

consecutive time periods: 

iii SSS  1  (3-1) 

A threshold, X mi/h, must next be considered. For this study, 10 mi/h will be 

used. When ΔSi < 0, the following formula should be used: 

  hmiXSSAvgSSAvg iiii /,,,, 514     (3-2) 

Next, a duration, Y, that the speed drop lasts should be established. For this 

study, 10 min will be used. The following formula is used to determine whether the 

maximum speed is less than Si during the duration: 

 iYii SSSMax  ,,1   (3-3) 

Congestion begins at time, t = i, which occurs right before the speed drop. A 

recovery period should also be identified, to indicate when flow has returned to 

uncongested conditions. Two conditions must be met for a recovery to have occurred: 

(i) An increase in speed over two consecutive time periods, and  



 

37 

(ii) The minimum speed during the duration, previously denoted as Y, is more 

than the average speed before and after the breakdown period, as shown: 

  iiYji SSAvgSSMin ,,, 11    (3-4) 

Step 3 

When the start of the breakdown has been determined, the capacity needs to be 

examined. Past research suggested many different definitions for capacity. Seven 

capacity definitions will be used during this investigation. These definitions were 

selected based on the literature review. They are as follows: 

BREAKDOWN FLOW. The 1-minute flow immediately before the breakdown event 
(i.e., before the abrupt speed drop). 
 
MAXIMUM PRE-BREAKDOWN FLOW. The highest 1-minute flow that occurs during the 
5- or 15-minutes before the breakdown (i.e., during undersaturated conditions). 
 
AVERAGE PRE-BREAKDOWN FLOW. the average of the 5- or 15-minutes flow before 
the breakdown (i.e., during undersaturated conditions). 
 
MAXIMUM 5-MINUTE FLOW IN 15-MINUTES BEFORE BREAKDOWN. The highest 5-minute 
average flow that occurs during the 15-minutes before the breakdown (i.e., 
during undersaturated conditions). 
 
AVERAGE DISCHARGE FLOW. The average flow during oversaturated conditions 
(i.e., the time interval after breakdown and prior to recovery). 
 
The capacity values are obtained using the STEWARD database. The data are 

available in 1-minute intervals. 

Step 4 

The capacities are then used to determine the capacity difference and the 

percentile difference for each site. Seven capacities (breakdown, the maximum 5- and 

15-minute pre-breakdown, the average 5- and 15-minute pre-breakdown, the maximum 

5-minute average pre-breakdown flow, and the discharge flow) and six capacity 
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changes will be calculated for each site. The actual difference in veh/hr/ln or pc/hr/ln as 

well as the percentile difference will be calculated as follows: 

fQQdifferenceActual  0  (3-5) 

     100*/% 00 QQQdifferencePercentile f  (3-6) 

Where, 

Q0 = the initial flow (either breakdown or pre-breakdown) 

Qf = the discharge flow 

Step 5 

Once the actual difference and percentile difference values have been calculated 

for all sites, using all definitions, a model can be developed. Explanatory variables to be 

considered include number of lanes, type of bottleneck, speed limit, free flow speed, 

breakdown flow, as well as any interaction terms that may be statistically significant. 

The dependent variables (capacity measure, actual difference, percentile difference) will 

be evaluated as a function of the independent variables to identify any relationships. 

Equations will be developed of the form: 

      ...# 3210  SpeedFlowFreelanesofTypeBottleneckCapacity   

       SpeedFlowFreelanesofTypeBottleneckDifferenceActual 3210 #   

       SpeedFlowFreelanesofTypeBottleneckDifferencePercentile 3210 #   
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CHAPTER 4 
DATA COLLECTION AND ANALYSIS 

This chapter provides information on the data collected and analyzed. The first 

section provides an overview of the data collection, the second describes each site in 

detail, while the last one summarizes the data analysis. 

Data Collection  

The first step in the data collection process was the site selection. Several 

different sites needed to be explored to determine if the type of site affects the capacity 

change. The locations of major bottlenecks were identified based on various sources: 

(FDOT, 2011; Washburn et al, 2010), and previous studies at UF – TRC related to 

bottlenecks in Florida. Sites were selected based on the following criteria: 

 Sites have to be urban freeways; 

 Sites have to experience recurrent congestion due to high demand and not due to 
incidents; 

 Data should be available for at least 1 year; 

 Construction work, incidents, weather information should be available so that the 
respective data need to be eliminated from further analysis; 

 Detectors should have acceptable health, with little to no missing data. 

Table 4-1 presents the final list of sites. 

Table 4-1.  Selected urban freeway bottleneck locations 

City  Freeway  Segment Type of 
bottleneck 

Lanes 

Weave, 3-lanes on mainline with an auxiliary lane 

Jacksonville I-95 NB North of Butler Blvd Weave 3 

Merge, 3-lanes on mainline 

Jacksonville  I-95 NB At University  Merge 3 

Miami  SR-826 EB  At NW 47th Avenue  Merge  3 

Combined (left- and right-hand) merge, 3-lanes on mainline 

Orlando I-4 EB SR-408 Merge 3 
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Table 4-1.  Continued 

City  Freeway  Segment Type of 
bottleneck 

Lanes 

Merge, 4-lanes on mainline 

Miami  I-95 NB At NW 103rd Street Merge 4 

Jacksonville I-95 NB At Philips Highway  Merge 4 

Lane addition at merge, 3- to 4-lanes 

Tampa  I-4 EB At I-75  Merge 3 to 4 

Major diverge, 5-lanes on mainline 

Miami  I-95 NB At FL Turnpike  Diverge 5 

Diverge, 3-lanes on mainline 

Jacksonville I-95 NB Bet. Baymeadows & 
Butler Blvd 

Diverge 3 

Lane drop at diverge, 4- to 3-lanes 

Orlando  I-4 SB At Kennedy Blvd Lane drop 4 to 3 

 
The type of bottleneck was determined by visual inspection along with creating 

speed-time plots using data from the STEWARD database. The INRIX website was also 

used to determine the origin of all bottlenecks and how far congestion spread upstream. 

Site Description  

The 10 sites selected for analysis are presented in this section, along with a 

detailed description and a schematic. The schematics are not drawn to scale, but do 

display nearby on- and off-ramps, along with the detectors located along the study 

segment. The detectors labeled in red are used to gather speed and capacity 

information. Speed information was used to determine breakdown start times. The ones 

labeled in blue are nearby detectors. 

I-95 NB at Butler Boulevard, Jacksonville, FL 

This site is located in Jacksonville, Florida, just downstream of the on-ramp from 

Butler Blvd (Figure 4-1). The bottleneck is activated due to weaving operations, and it 

consists of 3 lanes of traffic with an auxiliary lane. Data are not gathered for the auxiliary 
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lane, which was excluded from analysis. The speed limit at the site is 65 mph. Capacity 

data were collected from the downstream detector. 

Butler Blvd (EB) Butler Blvd (WB) Bowden Road

NI-95 NB

Detector locations

Detectors used

 
 
Figure 4-1.  Schematic of I-95 NB at Butler Boulevard study section in Jacksonville, FL 

I-95 NB at University Boulevard, Jacksonville, FL 

This site is also located in Jacksonville, Florida (Figure 4-2). The bottleneck 

occurs due to an on-ramp merge from University Boulevard. The site has 3 lanes per 

direction and the posted speed limit is 65 mph. Capacity values were measured from 

the downstream detector. 

Detector locations

Detectors used

Bowden Road University Blvd 
(WB)

University Blvd 
(EB)

NI-95 NB

 
 
Figure 4-2.  Schematic of I-95 NB at University Boulevard study section in Jacksonville, 

FL 
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SR-826 EB at NW 47th Avenue, Miami, FL 

This site is located in Miami, Florida. The bottleneck is the result of a merge from 

NW 47th Avenue. The mainline has 3 lanes per direction and a speed limit of 55 mph.  

Figure 4-3 displays a schematic of the study site. The capacity values 

correspond to the detector located downstream of the merge junction. 

NW 57th Ave NW 47th Ave NW 37th Ave

NSR-826 EB

Detector locations

Detectors used

 
Figure 4-3.  Schematic of SR-826 EB at NW 47th Avenue study section in Miami, FL 

I-4 EB at SR-408, Orlando, FL 

This site is located in Orlando, Florida along the eastbound direction of I-4. The 

bottleneck occurs due to an on-ramp merge from the intersection with SR-408, as well 

as a left side on-ramp merge with South Street (Figure 4-4). The site has 3 lanes with 

an auxiliary lane on the right side; data were not available for this auxiliary lane. The 

speed limit is dictated by Variable Speed Limit signs, but its base line speed limit is 50 

mph. No data were available for the detector located upstream of the Anderson Street 

ramp. The detector located downstream of the merge from SR-408 WB was used for 

the capacity analysis. 
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S Garland Ave SR-408 EB Anderson St SR-408 WB

South St

N Garland Ave

NI-4 EB

Detector locations

Detectors used

 
Figure 4-4.  Schematic of the I-4 at SR-408 study section in Orlando 

I-95 NB at NW 103rd Street, Miami, FL 

This is located in Miami, Florida, and the bottleneck occurs due to the on-ramp 

from NW 103rd Street (Figure 4-5). The segment has 4 lanes per direction as well as 

two HOT lanes; these were not analyzed in this project as they operate independently. 

The speed limit along the corridor is 55 mph. The downstream detector was used to 

gather capacity information. 

NW 95th St NW 103rd St NW 135th StNW 119th St NW 125th St NW 151st St

N

Turnpike NB

I-95 NB

NW 81st St

I-95 NB

Detector locations

Detectors used
 

 
Figure 4-5.  Schematic of I-95 NB at NW 103rd Street study section in Miami, FL 

I-95 NB at Philips Highway, Jacksonville, FL 

This site is located in Jacksonville, Florida. The bottleneck forms due to the 

merge from Philips Highway (Figure 4-6). The site has 4 lanes along the mainline and 

the posted speed limit is 65 mph. The detector downstream of the Philips Highway on-

ramp was used to gather capacity values. 
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I-295 SB Philips Highway Southside Blvd

NI-95 NB

Detector locations

Detectors used

 
Figure 4-6.  Schematic of the I-95 NB at Philips Highway study section in Miami, FL 

I-4 EB at I-75, Tampa, FL 

This site is located in Tampa, Florida along the eastbound section of I-4. A 

bottleneck occurs at the on-ramp merge junction from I-75 NB onto I-4 EB (Figure 4-7). 

The speed limit is 70 mph and the bottleneck section has 4 lanes per direction. Capacity 

information was collected from the downstream detector. 

I-75 SB I-75 NB

NI-4 EB

Detector locations

Detectors used

 
Figure 4-7.  Schematic of I-4 EB at I-75 study section in Tampa, FL 

I-95 NB at the Turnpike, Miami, FL 

This site is located in Miami, Florida. The section is a major diverge bottleneck 

located along Florida’s Turnpike (Figure 4-8). The site has 5 lanes along the mainline, 

with 2 lanes exiting towards the Turnpike. The speed limit at the site is 55 mph. Detector 

data upstream of the major diverge were not available, therefore, the detector used for 

analysis is located immediately downstream of the diverge. 
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Detector locations

NW 135th St NW 151st St

N
Turnpike NB

I-95 NB

I-95 NB

Detector used

 
 
Figure 4-8.  Schematic of I-95 NB at Florida’s Turnpike study section in Miami, FL 

I-95 NB Between Baymeadows Rd and Butler Blvd, Jacksonville, FL 

This study site is located in Jacksonville, Florida between Baymeadows Road 

and Butler Boulevard. The bottleneck occurs between these two junctions with the 

bottleneck caused by the diverge at Butler Boulevard. The freeway has 3 lanes per 

direction and a speed limit of 65 mph. The detector located upstream of the Butler Blvd 

off-ramp was used to determine capacity values (Figure 4-9). 

Baymeadows Road Butler Blvd (EB) Butler Blvd (WB)

NI-95 NB

Detector locations

Detectors used

 
Figure 4-9.  Schematic of I-95 NB Between Baymeadows Road and Butler Boulevard 

study section in Jacksonville, FL 

I-4 WB at Lee Road, Orlando, FL 

This site is located along a section of I-4 in Orlando, Florida in the westbound 

direction. The bottleneck occurs due to a reduction in lanes from 4 to 3 downstream of 



 

46 

an off-ramp onto Lee Road (Figure 4-10). The speed limit is dictated based on Variable 

Speed Limit signs, and the baseline speed limit is 50 mph. Capacity values were 

obtained based on the detector located downstream from the lane drop. 

Lee Road

NI-4 WB

Detector locations

Detectors used

 
Figure 4-10.  Schematic of the I-4 WB at Lee Road study section in Orlando, FL 

Data Analysis 

After the site selection process was complete, data were collected from the 

STEWARD database. Data included occupancy, speed, and flow in 1-minute 

increments. Additional truck percentage information were obtained through FDOT for 

specific dates during the data collection period. The speed data provided were used to 

determine breakdown events (Step 2 of the Methodology). Each event was carefully 

analyzed to determine if a true breakdown had occurred. Events were removed if they 

did not meet the following criteria: 

 Speeds during the breakdown event must be below 40 mph; 

 The breakdown capacity must be greater than 1500 veh/hr/ln;  

 The flows preceding the start of breakdown must be consistently high. 
 

If all these criteria are met, then the event moved onto the next stage of analysis, 

to calculate each of the seven selected capacity definitions. These values were divided 

by the number of lanes at the site, in order to compare statistics across all sites. The 

actual difference and the percentile difference were calculated from these values. The 
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percentile differences were compared to a range of appropriate values based on the 

results of the literature review. Past research has shown an approximate range of 

percentile differences between -10 and 30 percent. Any data set that fell outside this 

range was subject to additional analysis. Oftentimes the flows before or after a 

“breakdown” were unreasonably low or high, resulting in extremely high or low 

percentile differences. These anomalies were most likely due to detector malfunction. 

These data could not be trusted, so they were removed from the final analysis. Table 4-

2 presents the capacity measures of all 10 sites, with appropriate statistics. 

Table 4-2.  Capacity measure statistics for all sites 

Events Statistic 

Capacity values (veh/hr/ln) 

Breakdown 

Pre-breakdown 

Discharge Max in 
5-
min 

Max in 
15-
min 

5-min 
avg 

15-min 
avg 

Max 5-
min 
avg 

Weave, 3-lanes on mainline with an auxiliary lane 

I-95 NB, At Butler 

42 

Average  2056 2303 2380 2079 1981 2143 1718 

50th 
Percentile 

2100 2320 2390 2110 1997 2166 1726 

85th 
Percentile  

2277 2500 2540 2260 2151 2287 1800 

Merge, 3-lanes on mainline 

I-95 NB, At University 

51 

Average  2138 2304 2361 2092 2044 2168 1986 

50th 
Percentile 

2160 2300 2340 2124 2067 2208 1994 

85th 
Percentile 

2330 2470 2530 2246 2223 2346 2122 

SR-826 EB, At NW 47th Avenue 

88 

Average  1737 1905 1970 1734 1684 1788 1617 

50th 
Percentile 

1730 1920 1980 1746 1699 1796 1628 

85th 
Percentile  

1898 2079 2100 1860 1805 1920 1701 

Combined (left- and right-hand) merge, 3-lanes on mainline 

I-4 EB, At SR-408 

129 
Average  2094 2293 2356 2063 1929 2120 1849 

50th 
Percentile 

2100 2320 2360 2088 1940 2144 1858 
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Table 4-2.  Continued 

Events Statistic 

Capacity values (veh/hr/ln) 

Breakdown 

Pre-breakdown 

Discharge Max in 
5-
min 

Max in 
15-
min 

5-min 
avg 

15-min 
avg 

Max 5-
min 
avg 

Combined (left- and right-hand) merge, 3-lanes on mainline 

I-4 EB, At SR-408 

129 
85th 

Percentile  
2316 2440 2500 2194 2072 2247 1903 

Merge, 4-lanes on mainline 

I-95 NB, At NW 103rd Street 

68 

Average  1828 1975 2048 1780 1754 1854 1646 

50th 
Percentile 

1853 1965 2055 1787 1764 1857 1640 

85th 
Percentile  

1995 2114 2145 1904 1849 1979 1731 

I-95 NB, At Philips Highway 

43 

Average  1902 2064 2170 1856 1864 1962 1590 

50th 
Percentile 

1815 2040 2175 1875 1915 2019 1624 

85th 
Percentile  

2220 2366 2415 2118 2111 2173 1788 

Lane addition at merge, 3- to 4-lanes 

I-4 EB, At I-75 

50 

Average  1591 1727 1781 1527 1494 1582 1431 

50th 
Percentile 

1575 1733 1770 1539 1496 1583 1459 

85th 
Percentile  

1735 1885 1905 1598 1570 1657 1522 

Major diverge, 5-lanes on mainline 

I-95 NB, At Florida's Turnpike 

152 

Average  1735 1798 1842 1650 1615 1701 1593 

50th 
Percentile 

1728 1800 1848 1663 1638 1714 1611 

85th 
Percentile  

1860 1896 1920 1738 1690 1782 1655 

Diverge, 3-lanes on mainline 

I-95 NB, Between Baymeadows and Butler 

82 

Average  2095 2325 2429 2103 2066 2142 1838 

50th 
Percentile 

2110 2340 2420 2098 2080 2130 1848 

85th 
Percentile  

2320 2480 2580 2232 2174 2280 1903 

Lane drop at diverge, 4- to 3-lanes 

I-4 WB, At Lee Road 

71 
Average  1847 2081 2178 1831 1796 1914 1700 

50th 
Percentile 

1840 2100 2180 1864 1800 1920 1698 
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Table 4-2.  Continued 

Events Statistic 

Capacity values (veh/hr/ln) 

Breakdown 

Pre-breakdown 

Discharge Max in 
5-
min 

Max in 
15-
min 

5-min 
avg 

15-min 
avg 

Max 5-
min 
avg 

Lane drop at diverge, 4- to 3-lanes 

I-4 WB, At Lee Road 

71 
85th 

Percentile  
2060 2280 2360 1996 1943 2056 1924 

All sites  

776 

Average  1895 2060 2130 1859 1816 1914 1700 

50th 
Percentile 

1860 2048 2118 1841 1796 1886 1680 

85th 
Percentile  

2200 2380 2440 2144 2067 2196 1889 

 
The discharge flow is constantly lower than all other capacity definitions across 

every site, consistent with the capacity drop definition. The 5- and 15-minute maximum 

flows have the greatest values among the definitions. The breakdown flow, along with 

the remaining pre-breakdown definitions are similar, differing minutely. 

For the most part, the higher the number of lanes, the lower the per lane 

capacity. For example, the average breakdown flow of the 3-lane merge at University is 

2138 veh/hr/ln. The average of the breakdown flows for the 4-lane merges are 1828 and 

1902 veh/hr/ln. The SR-826 site is the obvious exception; the values observed are lower 

than most of the other on-ramp merge sites, regardless of the number of lanes.  

The same can be said for the diverge sites: the higher the number of lanes, the 

lower the per lane capacity. The 3-lane diverge between Baymeadows and Butler has 

an average breakdown flow of 2095 veh/hr/ln, but the 5-lane major diverge at Florida’s 

Turnpike has an average breakdown flow of 1735 veh/hr/ln. 

Table 4-3 provides statistical information on the actual differences. 
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Table 4-3.  Actual difference statistics for all sites 

Events Statistic 

Actual difference values (veh/hr/ln) 

Breakdown 
Pre-breakdown 

Max in 
5-min 

Max in 15-
min 

5-min avg 
15-min 

avg 
Max 5-min 

avg  

Weave, 3-lanes on mainline with an auxiliary lane 

I-95 NB, At Butler  

42 

Average  337 584 661 361 263 424 

50th 
Percentile 

355 575 641 365 257 432 

85th 
Percentile  

583 764 814 501 439 580 

Merge, 3-lanes on mainline 

I-95 NB, At University 

51 

Average  152 318 375 106 58 182 

50th 
Percentile 

184 332 390 127 113 203 

85th 
Percentile 

322 499 536 288 238 354 

SR-826 EB, At NW 47th Avenue 

88 

Average  119 288 353 117 66 170 

50th 
Percentile 

109 283 345 116 64 168 

85th 
Percentile  

279 433 470 227 148 267 

Combined (left- and right-hand) merge, 3-lanes on mainline 

I-4 EB, At SR-408 

129 

Average  245 444 506 213 80 271 

50th 
Percentile 

265 455 500 228 84 283 

85th 
Percentile  

443 596 668 342 207 388 

Merge, 4-lanes on mainline 

I-95 NB, At NW 103rd Street 

68 

Average  182 329 402 134 108 208 

50th 
Percentile 

197 323 397 142 114 218 

85th 
Percentile  

340 465 553 239 238 337 

I-95, At Philips Highway 

43 

Average  311 474 580 265 274 372 

50th 
Percentile 

293 464 565 302 282 367 

85th 
Percentile  

484 626 737 400 386 509 

Lane addition at merge, 3- to 4-lanes 

I-4 EB, At I-75 

50 Average  160 296 349 96 63 151 
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Table 4-3.  Continued 

Events Statistic 

Actual difference values (veh/hr/ln) 

Breakdown 
Pre-breakdown 

Max in 5-
min 

Max in 15-
min 

5-min 
avg 

15-min 
avg 

Max 5-min 
avg  

Lane addition at merge, 3- to 4-lanes 

I-4 EB, At I-75 

50 

50th 
Percentile 

138 298 335 85 55 152 

85th 
Percentile  

305 419 459 201 149 227 

Major diverge, 5-lanes on mainline 

I-95 NB, At Florida's Turnpike 

152 

Average  143 206 250 57 23 108 

50th 
Percentile 

136 195 247 58 34 107 

85th 
Percentile  

262 297 326 137 98 179 

Diverge, 3-lanes on mainline 

I-95 NB, Between Baymeadows and Butler 

82 

Average  257 487 590 264 228 303 

50th 
Percentile 

254 472 557 258 242 290 

85th 
Percentile  

496 633 755 422 338 490 

Lane drop at diverge, 4- to 3-lanes 

I-4 WB, At Lee Road 

71 

Average  147 381 478 131 96 214 

50th 
Percentile 

139 344 484 98 115 234 

85th 
Percentile  

378 574 634 322 250 347 

All sites  

776 

Average  195 360 430 159 115 214 

50th 
Percentile 

184 347 416 141 97 200 

85th 
Percentile  

390 556 630 317 277 371 

 
Table 4-3 shows similar results to the capacity table (Table 4-2). The actual 

difference between the two maximum flows and the discharge flow are the greatest 

among all definitions. The maximum 5-minute flow in 15 minutes before the breakdown 

actual difference is most often the next greatest value, while the other definitions are 

roughly similar. 
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The results from this table show that for merge sites, with the exception of the 3-

lane, combined merge site on I-4 at SR-408, with increasing number of lanes, the actual 

difference also increases. The average actual difference of the two 3-lane merge sites 

are 152 and 119 veh/hr/ln, while the average of the two 4-lane merge sites are 182 and 

311 veh/hr/ln. The 3-lane, combined merge site has actual difference values around 

those of the 4-lane on-ramp merge sites, an average of 245 veh/hr/ln. This trend is 

duplicated for all capacity definitions. 

As for the diverge sites, with increasing number of lanes, the capacity difference 

decreases. The 3-lane diverge has an average breakdown flow actual difference of 257 

veh/hr/ln, but the 5-lane major diverge has a value of 143 veh/hr/ln. Again, this trend is 

reproduced across all capacity definitions. 

Finally, Table 4-4 displays the statistical information for the percentile difference 

among all sites. 

Table 4-4.  Percentile difference statistics for all sites 

Events Statistic 

Percentile difference values (%) 

Breakdown 
Pre-breakdown 

Max in 5-
min 

Max in 15-
min 

5-min 
avg 

15-min 
avg 

Max 5-min 
avg  

Weave, 3-lanes on mainline with an auxiliary lane 

I-95 NB, At Butler 

42 

Average  15.25% 24.99% 27.49% 16.94% 12.93% 19.42% 

50th 
Percentile 

16.97% 24.52% 27.28% 17.52% 13.09% 19.87% 

85th 
Percentile  

25.68% 31.38% 32.63% 24.13% 21.06% 25.66% 

Merge, 3-lanes on mainline 

I-95 NB, At University 

51 Average  6.58% 13.54% 15.59% 4.52% 2.09% 7.89% 
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Table 4-4.  Continued 

Events Statistic 

Percentile difference values (%) 

Breakdown 
Pre-breakdown 

Max in 5-
min 

Max in 15-
min 

5-min 
avg 

15-min 
avg 

Max 5-min 
avg  

Merge, 3-lanes on mainline 

I-95 NB, At University 

51 

50th 
Percentile 

8.40% 14.18% 15.53% 5.82% 5.48% 9.47% 

85th 
Percentile 

13.41% 19.89% 21.93% 13.30% 11.05% 15.34% 

SR-826 EB, At NW 47th Avenue 

88 

Average  6.47% 14.84% 17.67% 6.43% 3.66% 9.31% 

50th 
Percentile 

6.23% 14.86% 17.85% 6.64% 3.71% 9.33% 

85th 
Percentile  

15.62% 21.03% 23.01% 12.08% 8.48% 14.68% 

Combined (left- and right-hand) merge, 3-lanes on mainline 

I-4 EB, At SR-408 

129 

Average  11.06% 19.00% 21.22% 9.95% 3.74% 12.47% 

50th 
Percentile 

12.38% 19.56% 21.34% 10.74% 4.24% 13.10% 

85th 
Percentile  

19.01% 24.65% 26.29% 15.52% 9.80% 17.38% 

Merge, 4-lanes on mainline 

I-95 NB, At NW 103rd Street 

68 

Average  9.29% 16.37% 19.45% 7.28% 5.96% 11.01% 

50th 
Percentile 

10.63% 16.61% 19.31% 8.18% 6.69% 11.48% 

85th 
Percentile  

17.68% 22.24% 27.04% 13.59% 13.44% 18.18% 

I-95, At Philips Highway 

43 

Average  15.76% 22.80% 26.67% 14.07% 14.64% 18.91% 

50th 
Percentile 

16.78% 22.72% 27.97% 15.06% 14.57% 19.76% 

85th 
Percentile  

25.41% 28.11% 30.69% 21.19% 20.27% 24.32% 

Lane addition at merge, 3- to 4-lanes 

I-4 EB, At I-75 

50 

Average  9.65% 16.82% 19.44% 6.11% 4.13% 9.42% 

50th 
Percentile 

8.93% 17.29% 18.58% 5.46% 3.69% 9.28% 

85th 
Percentile  

18.30% 22.54% 24.97% 12.39% 9.65% 14.18% 

Major diverge, 5-lanes on mainline 

I-95 NB, At Florida's Turnpike 

152 
Average  7.91% 11.26% 13.45% 3.26% 1.19% 6.24% 

50th 
Percentile 

7.84% 11.16% 13.34% 3.68% 2.07% 6.25% 
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Table 4-4.  Continued 

Events Statistic 

Percentile difference values (%) 

Breakdown 
Pre-breakdown 

Max in 5-
min 

Max in 15-
min 

5-min 
avg 

15-min 
avg 

Max 5-min 
avg  

Major diverge, 5-lanes on mainline 

I-95 NB, At Florida's Turnpike 

152 
85th 

Percentile  
14.44% 15.84% 17.35% 7.87% 6.01% 10.40% 

Diverge, 3-lanes on mainline 

I-95 NB, Between Baymeadows and Butler 

82 

Average  11.29% 20.65% 24.03% 12.31% 10.80% 13.86% 

50th 
Percentile 

12.10% 20.73% 23.88% 12.14% 11.65% 13.53% 

85th 
Percentile  

21.21% 26.83% 29.56% 18.58% 16.44% 21.32% 

Lane drop at diverge, 4- to 3-lanes 

I-4 WB, At Lee Road 

71 

Average  7.24% 17.99% 21.78% 6.86% 5.11% 10.93% 

50th 
Percentile 

7.54% 16.30% 21.45% 5.88% 5.66% 12.20% 

85th 
Percentile  

18.89% 27.17% 29.47% 17.39% 14.15% 19.14% 

All sites  

776 

Average  9.57% 16.92% 19.67% 7.99% 5.33% 10.67% 

50th 
Percentile 

9.98% 16.84% 19.25% 7.98% 5.09% 10.73% 

85th 
Percentile  

18.76% 24.42% 27.26% 15.55% 13.32% 17.80% 

 
The percentile difference is greatest for the 5- and 15-minute maximum flows, as 

would be expected. The maximum 5-minute flow 15-minutes before breakdown has the 

next greatest percentile difference. This follows the same pattern as the actual 

difference results. 

The results of the percentile difference are similar to those of the actual 

difference, with respect to number of lanes. For merge sites, increasing number of lanes 

results in an increase in capacity change, with the exception of the combined merge. 

The average percentile difference for both 3-lane merge configurations are 6.58% and 

6.47%, using the breakdown flow definition. The 4-lane averages are 9.29% and 
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15.76%. This result is contradictory to the results found in Oh and Yeo (2012), which 

found that increasing number of lanes, decreases the capacity drop at on-ramp merge 

locations. One explanation for this might be that Oh and Yeo observed several locations 

with 2-, 3-, 4-, and 5-lane configurations, while this thesis observed two sites with 3- and 

4-lanes each. A greater sample size may produce more consistent results. The 

combined merge experiences values similar to those found at 4-lane, on-ramps (an 

average of 11.06%), same as the actual difference.  

Finally, for diverge sites, increasing lanes results in decreasing percentile 

difference. Using the breakdown flow definition, the 3-lane diverge experiences an 

average percentile difference of 11.29%, while the 5-lane major diverge has an average 

value of 7.91%. 
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CHAPTER 5 
MODEL DEVELOPMENT 

This chapter focuses on the model development process, from determining the 

independent variables and testing them to model creation. 

Variable Testing 

During the testing process, it was decided to reduce the number of capacity 

definitions, since many of them seemed redundant and yielded similar results. The 

definitions for which models are developed are the breakdown flow, the 5-min flow 

before breakdown, the 15-min flow before breakdown, the max 5-min flow in 15-min 

before breakdown, and the discharge flow. These five definitions were compared to the 

four variables chosen to be included in the final model; truck percentages, free flow 

speed, number of lanes, and bottleneck type. 

Truck Percentages 

Truck percentage data were gathered from FDOT Statistics Office. Out of the 

776 breakdown events, truck percentage data for 566 events were available. The 

percentages were collected for the period preceding the breakdown, as well as during 

the breakdown and congestion. Figure 5-1 through Figure 5-4 compare the pre-

breakdown capacity (in veh/hr/ln) to the pre-breakdown truck percentages. Figure 5-5 

depicts the discharge flow against the discharge period truck percentages. 
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Figure 5-1.  Breakdown flow vs truck percentage for all sites 

 

 
 
Figure 5-2.  5-min flow before breakdown vs truck percentage for all sites 
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Figure 5-3.  15-min flow before breakdown vs truck percentage for all sites 

 

 
 
Figure 5-4.  Max 5-min flow in 15-min before breakdown vs truck percentage for all sites 
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Figure 5-5.  Discharge flow vs truck percentage for all sites 

The truck percentages are widely distributed during the pre-breakdown period, 

but are more densely packed during the discharge time frame. Across the breakdown 

and pre-breakdown definitions, a slightly positive correlation can be seen from these 

graphs, meaning that an increase in the truck percentage will have a corresponding 

increase on these capacities. This result is consistent with the HCM which has 

passenger car equivalency (PCE) values decreasing with increasing truck percentage, 

presumably because truck platooning decreases the overall effects of trucks on 

capacity. However, it may also be the result of having truck percentage data in 1-hour 

increments. A negative correlation can be seen in the discharge flow, which sees a 

decrease in discharge flow as the truck percentage increases. 

It should be noted that the I-95 sites at NW 103rd Street and at the Florida’s 

Turnpike used truck percentages from further north on I-95, a few miles north of both of 

these sites. The detector where the information was retrieved from was the closest one 

to either of these sites, and may not be as accurate as the other eight sites. 
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The truck percentages were used to determine the corresponding PCEs. Models 

were developed for each definition that used flows in veh/hr/ln and in pc/hr/ln. Truck 

percentages were not used as a variable in the models predicting units of pc/hr/ln. 

Free Flow Speed 

Free flow speeds (FFS) were calculated using the 1-minute data provided by 

STEWARD. Data were filtered to include only values following the criteria below: 

 Flow less than 1000 veh/hr/ln; 

 Speeds greater than the speed limit minus 10 mph (uncongested conditions). 

The remaining speeds were then averaged to calculate the FFS. This calculation 

was performed for all sites. The resulting graphs are presented in Figure 5-6 through 

Figure 5-10. 

 
 
Figure 5-6.  Breakdown flow vs free low speed for all sites 
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Figure 5-7.  5-min flow before breakdown vs free flow speed for all sites 

 

 
 
Figure 5-8.  15-min flow before breakdown vs free flow speed for all sites 
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Figure 5-9.  Max 5-min flow in 15-min before breakdown vs free flow speed for all sites 

 

 
 
Figure 5-10.  Discharge flow vs free flow speed for all sites 
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construction project in the vicinity of the site. However, this project was located further 

west than the location of this site and it does not seem likely that this is the cause of the 

lower free flow speed. 

Number of Lanes  

The number of lanes varied across all sites from three to five. Figure 5-11 

through Figure 5-15 contain the graphs of the capacity definition vs the number of lanes. 

 
 
Figure 5-11.  Breakdown flow vs number of lanes for all sites 
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Figure 5-12.  5-min flow before breakdown vs number of lanes for all sites 

 

 
 
Figure 5-13.  15-min flow before breakdown vs number of lanes for all sites 
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Figure 5-14.  Max 5-min flow in 15-min before breakdown vs number of lanes for all 

sites 

 
 
Figure 5-15.  Discharge flow vs number of lanes for all sites 

The graphs show a negative correlation for all five capacity definitions. Increasing 
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Bottleneck Type 

The final variable used is the bottleneck type. In order to use this variable in a 

model, seven dummy variables needed to be created, each one corresponding to a 

bottleneck type. For instance, the variable Type1 was created if the bottleneck type is 

weaving, then this variable is 1, otherwise it is 0. This process was repeated for all 

seven bottleneck types. The graphs can be seen in Figure 5-16 through Figure 5-20. 

 
 
Figure 5-16.  Breakdown flow vs bottleneck type for all sites 
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Figure 5-17.  5-min flow before breakdown vs bottleneck type for all sites 

 

 
 
Figure 5-18.  15-min flow before breakdown vs bottleneck type for all sites 
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Figure 5-19.  Max 5-min flow before breakdown vs bottleneck type for all sites 

 

 
 
Figure 5-20.  Discharge flow vs bottleneck type for all sites 
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The on-ramp merge sites show a greater variability than the other bottleneck 

types, because of the range of values provided by the number of lanes. The graphs look 

similar across all capacity definitions used. The merge with lane addition and the major 

diverge bottleneck types have the lowest observed capacities, with the smallest ranges. 

The weaving, combined merge, and diverge types have similar ranges in each capacity 

definition. 

Percentile Difference 

Lorenz and Elefteriadou (2001) showed that a freeway segment can experience 

an increase in capacity, if the initial flow was lower. This trend was also seen during this 

analysis. Figure 5-21 shows the breakdown flow percentile difference vs the breakdown 

flow. 

 
 
Figure 5-21.  Percentile difference vs breakdown flow for all sites 
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drops in capacity are observed at higher capacity values. The same trend exists for all 

of the capacity definitions studied. This provides some evidence that a rise in capacity 

may occur when the breakdown flow is low. 

Figure 5-22 displays the plot for the breakdown flow percentile difference vs the 

discharge flow. 

 
 
Figure 5-22.  Breakdown flow percentile difference vs discharge flow for all sites 

This plot shows a negative trend between the two variables, an increase in the 

discharge flow results in a decrease in the breakdown flow percentile difference. Many 
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during the breakdown. 
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discharge flow occurs over the entire discharge period. The discharge period can last 
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In addition to the effects of the independent variables on capacity, analysis was 

also performed on how these variables affected the percentile change. Figure 5-23 

through Figure 5-26 show these relationships for the breakdown flow percentile change. 

The other definitions exhibit the same trends, therefore their graphs are omitted from 

this thesis. 

 
 
Figure 5-23.  Breakdown flow percentile change vs truck percentage for all sites 

 

 
 
Figure 5-24.  Breakdown flow percentile change vs free flow speed for all sites 
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Figure 5-25.  Breakdown flow percentile change vs number of lanes 

 

 
 
Figure 5-26.  Breakdown flow percentile change vs bottleneck type 
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It is difficult to see any trends associated with these plots. Determining 

relationships between the independent variables and the capacity change may not be 

as valuable as the relationships between the variables and the different capacities. 

The bottleneck types with the greatest ranges are the diverge and lane reduction 

at a diverge sites. The left-hand merge, lane addition at merge, and major diverge have 

the smallest ranges. 

Model Development 

Models were developed to predict the flows of the selected definitions: the 

breakdown flow, the 5-min flow before breakdown, the 15-min flow before breakdown, 

max 5-min flow in 15-min before breakdown, and the discharge flow. Two models were 

developed for each definition, one for units of veh/hr/ln and another for pc/hr/ln, making 

a total of ten models. Table 5-1 summarizes the types of models developed. 

Table 5-1.  Model development to predict capacity 

Definition 
Flow 

veh/hr/ln pc/hr/ln 

Breakdown Yes Yes 

5-Min avg Yes Yes 

15-Min avg Yes Yes 

Max 5-min flow in 15-min Yes Yes 

Discharge Yes Yes 

 
The same definitions were used for developing models for both the actual 

difference and the percentile difference using units of veh/hr/ln and pc/hr/ln, resulting in 

four models for each definition. Table 5-2 explains this. 

 

 

 



 

74 

Table 5-2.  Model development to predict actual difference and percentile difference 

Definition 
Percentile difference Actual difference 

veh/hr/ln pc/hr/ln veh/hr/ln pc/hr/ln 

Breakdown Yes Yes Yes Yes 

5-min flow Yes Yes Yes Yes 

15-min flow Yes Yes Yes Yes 

Max 5-min flow in 15-min Yes Yes Yes Yes 

 
All of the variables discussed were used as independent variables to predict the 

dependent variables. The output displays the coefficients for each variable, as well as 

their t-value. The t-values are compared to the critical t-value of 1.96; this corresponds 

to a confidence interval of 95 percent. If the t-value is greater than the critical, the 

variable is statistically significant and should remain in the model. If the value is less 

than the critical t, the variable is removed. 

For all definitions, except for the discharge flow, the truck percentage used in the 

models is the pre-congestion percentage. This is the percentage of trucks that was seen 

prior to the breakdown. The discharge flow models use the percentage of trucks seen 

during congested conditions. 

The developed models also include an interaction variable between the 

bottleneck type and the number of lanes for the merge sites only, in order to determine 

how changes in the number of lanes affects merge bottleneck types. The interaction 

variable is the product of these two variables, and is labeled as Type2*Lanes. 

Breakdown Flow Definition 

The models developed in this section are based on the breakdown flow of every 

site. Table 5-3 displays the models developed for the capacity, actual difference, and 

the percentile difference. 
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Table 5-3.  Models related to the breakdown flow 

Units  
Breakdown flow  

Constant  Breakdown flow #oflanes FFS Truck% Type31 Type42 Type53 Type74 R2 value  

veh/hr/ln 644.41 N/A - 19.70 - 327.01 -334.13 - - 0.35 

pc/hr/ln  1002.04 N/A - 14.42 N/A 398.52 -283.15 - - 0.39 

Units  
Actual difference  

Constant  Breakdown flow #oflanes FFS Truck% Type31 Type42 Type53 Type74 R2 value  

veh/hr/ln -1538.83 0.65 150.25 - - - - -193.34 39.40 0.58 

pc/hr/ln  -1743.18 0.65 203.28 - N/A - - -287.38 53.53 0.61 

Units  
Percentile difference 

Constant  Breakdown flow #oflanes FFS Truck% Type31 Type42 Type53 Type74 R2 value  

veh/hr/ln -103.36 0.03 11.08 0.30 0.50 - - -12.87 6.34 0.47 

pc/hr/ln  -51.55 0.03 2.93 - N/A - 6.67 - - 0.45 

 
N/A the variable was not used in the model. 
‘-‘ the variable was not significant enough to appear in the model based on a t-value that was not greater than the critical 
t-value. 
1 Type3 refers to a combined (left- and right-hand) merge bottleneck type. 
2 Type4 refers to a merge with a lane addition bottleneck type. 
3 Type5 refers to a major diverge bottleneck type. 
4 Type7 refers to a lane drop at diverge bottleneck type. 
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The R-square values for the models predicting the capacity are low, indicating 

that these models are not good at predicting the dependent variables. However, the R-

square values that predict the actual and percentile difference are higher, meaning 

these models are good predictors. 

The capacity coefficient is positive in all cases it appears, which is consistent with 

the plots. The higher the flow value the higher the actual or percentile difference. The 

free flow speed, truck percentage and number of lanes coefficients are also positive in 

all cases. This means that as these variables increase (higher speeds, more trucks, 

greater number of lanes), the greater the output (breakdown flow, actual difference, 

percentile difference). The truck coefficients only appear in the percentile difference 

model using veh/hr/ln. 

The combined (left and right side) merge and merge with lane addition bottleneck 

types appear in the models that predict the breakdown flow, with the merge with a lane 

addition being negative. The major diverge and lane drop bottleneck types appear in the 

models for the actual and percentile difference, with the major diverge type being 

negative. This suggests that the merge with lane addition and the major diverge 

bottleneck types decrease the breakdown flow, actual difference, and percentile 

difference. Based on the analysis performed, these two types have very low capacity 

values, as well as having the smallest range of capacities, actual and percentile 

differences among all bottleneck types. 

5-Minute Flow Before Breakdown 

This section displays the models developed for predicting the actual difference, 

percentile difference, and flows for the 5-minute flow before breakdown definition. Table 

5-4 summarizes the developed regression models.
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Table 5-4.  Models related to the 5-minute flow before breakdown 

Units  
5-min flow before breakdown 

Constant  5-minute flow #oflanes FFS Truck% Type31 Type42 Type53 Type74 Type2*lanes5 R2 value  

veh/hr/ln 718.91 - - 18.46 - 291.54 -391.79 -121.39 - - 0.50 

pc/hr/ln  360.91 - - 24.95 N/A 405.37 -411.19 - - -39.20 0.52 

Units  
Actual difference  

Constant  5-minute flow #oflanes FFS Truck% Type31 Type42 Type53 Type74 Type2*lanes5 R2 value  

veh/hr/ln -1787.27 0.45 74.17 11.09 18.20 - - - 163.52 - 0.46 

pc/hr/ln  -1822.26 0.45 79.05 13.10 N/A 136.72 - - 170.51 - 0.51 

Units  
Percentile difference 

Constant  5-minute flow #oflanes FFS Truck% Type31 Type42 Type53 Type74 Type2*lanes5 R2 value  

veh/hr/ln -89.39 0.02 3.91 0.61 0.94 - - - 8.95 - 0.35 

pc/hr/ln  -90.62 0.02 4.22 0.75 N/A 7.23 - - 9.64 - 0.40 

 
N/A the variable was not used in the model. 
‘-‘ the variable was not significant enough to appear in the model based on a t-value that was not greater than the critical 
t-value. 
1 Type3 refers to a combined (left- and right-hand) merge bottleneck type.  
2 Type4 refers to a merge with a lane addition bottleneck type. 
3 Type5 refers to a major diverge bottleneck type. 
4 Type7 refers to a lane drop at diverge bottleneck type. 
5 Type2*Lanes refers to the interaction term between merge bottleneck types and lanes. 
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The R-square values for the models predicting the 5-minute flow before 

breakdown are greater than the corresponding models for the breakdown flow. 

However, the R-square values for the actual and percentile difference models 

decreased between the two capacity definitions. The models for predicting the flow and 

the actual difference are reasonable, while the percentile difference models are not 

good at predicting. 

The capacity coefficient, number of lanes, free flow speed, and truck percentage 

variables are all positive. This means that when these three variables increase, the 

value they are predicting also increases. Only the free flow speed variable appears in 

the models predicting the 5-minute flow before breakdown. 

Again, the combined merge, merge with a lane addition, major diverge, and lane 

drop at diverge appear as bottleneck type variables. The merge with a lane addition and 

major diverge types have negative coefficients when they appear, while the other 

bottleneck types are positive. The interaction variable also appears in the models 

predicting the 5-minute flow before breakdown. The coefficient is negative, meaning that 

for merge sites, increasing number of lanes results in a lower flow, which is consistent 

with the plots presented earlier. 

15-Minute Flow Before Breakdown 

Table 5-5 displays the models developed for the 15-minute flow before 

breakdown definition. The 15-minute flow before breakdown, actual difference and 

percentile difference were modeled. 
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Table 5-5.  Models related to the 15-minute flow before breakdown 

Units 
15-minute flow before breakdown 

Constant 
15-minute 

flow 
#oflanes FFS Truck% Type21 Type32 Type43 Type54 Type75 Type2*lanes6 R2 value 

veh/hr/ln -180.72 N/A - 31.58 - -47.90 309.73 -377.92 - 358.33 - 0.54 

pc/hr/ln -219.51 N/A - 33.11 N/A -117.68 379.27 -365.56 - 368.65 - 0.54 

Units 
Actual difference  

Constant 
15-minute 

flow 
#oflanes FFS Truck% Type21 Type32 Type43 Type54 Type75 Type2*lanes6 R2 value 

veh/hr/ln -1474.12 0.53 172.61 - 9.33 - -101.06 - -282.16 101.20 - 0.48 

pc/hr/ln -1467.58 0.54 178.74 - N/A - -46.40 - -297.54 94.86 - 0.50 

Units 
Percentile difference 

Constant 
15-minute 

flow 
#oflanes FFS Truck% Type21 Type32 Type43 Type54 Type75 Type2*lanes6 R2 value 

veh/hr/ln -106.17 0.02 4.89 0.82 0.91 - - - - 9.37 - 0.28 

pc/hr/ln -64.83 0.03 2.65 0.22 N/A -21.97 - - - 7.68 7.57 0.44 

 
N/A the variable was not used in the model. 
‘-‘ the variable was not significant enough to appear in the model based on a t-value that was not greater than the critical 
t-value. 
1 Type2 refers to a merge bottleneck type.  
2 Type3 refers to a combined (left- and right-hand) merge bottleneck type. 
3 Type4 refers to a merge with a lane addition bottleneck type. 
4 Type5 refers to a major diverge. 
5 Type7 refers to a lane drop at diverge bottleneck type. 
6 Type2*lanes refers to the interaction term between merge bottleneck types and lanes. 
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The R-square values for the models that predict the 15-minute flow before 

breakdown and the actual difference are similar to the corresponding models seen in 

the previous table. These models are good at predicting the dependent variables. The 

R-square values for the percentile difference, however, are low (especially when using 

units of veh/hr/ln) and are not good predictors. 

The capacity, number of lanes, free flow speed, and truck percentage coefficients 

are all positive. Again, the free flow speed only appears in the models that predict the 

15-minute flow before breakdown. 

The merge bottleneck type appears in this set of models, as well as the 

combined merge, merge with a lane addition, major diverge, and the lane drop at 

diverge types. All these types appear in the flow prediction model except for the major 

diverge; the merge and merge with lane addition types are negative. The merge, 

combined merge, and major diverge types are negative in the models that predict the 

actual and percentile difference. The negative sign associated with these variables 

means that these bottleneck types have a negative impact on the 15-minute flow before 

breakdown and the actual and percentile differences. The positive coefficient means 

that those bottleneck types will increase the predicted values, meaning large capacities, 

as well as larger differences (both actual and percentile). The interaction variable 

appears in the model that predicts the percentile difference using units of pc/hr/ln, and 

has a positive coefficient. This is consistent with the data analysis seen in Table 4-4. 

Maximum 5-Minute Flow Before Breakdown 

This section presents the models developed for the flow, the actual difference, 

and the percentile difference for the maximum 5-minute flow before breakdown 

definition. Table 5-6 displays these models.
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Table 5-6.  Models related to the maximum 5-minute flow before breakdown 

Units  
Maximum 5-minute flow before breakdown  

Constant  Max 5-min flow #oflanes FFS Truck% Type21 Type32 Type43 Type74 R2 value  

veh/hr/ln 179.07 N/A - 27.87 - -62.89 352.27 -408.77 - 0.54 

pc/hr/ln  632.98 N/A - 20.56 N/A - 444.89 -328.72 - 0.53 

Units  
Actual difference  

Constant  Max 5-min flow #oflanes FFS Truck% Type21 Type32 Type43 Type74 R2 value  

veh/hr/ln -1759.93 0.44 74.41 11.32 19.26 - - - 138.31 0.46 

pc/hr/ln  -1766.25 0.44 77.76 13.09 N/A - 141.05 - 139.97 0.51 

Units  
Percentile difference 

Constant  Max 5-min flow #oflanes FFS Truck% Type21 Type32 Type43 Type74 R2 value  

veh/hr/ln -83.29 0.02 3.86 0.61 0.98 - - - 7.29 0.32 

pc/hr/ln  -81.74 0.02 4.01 0.72 N/A - 7.15 - 7.48 0.36 

 
N/A the variable was not used in the model. 
‘-‘ the variable was not significant enough to appear in the model based on a t-value that was not greater than the critical 
t-value. 
1 Type2 refers to a merge bottleneck type.  
2 Type3 refers to a combined (left- and right-hand) merge bottleneck type. 
3 Type4 refers to a merge with a lane addition bottleneck type. 
4 Type7 refers to a lane drop at diverge bottleneck type.
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All of the models have R-square values similar to the values seen in the last set 

of models. The models that determine the maximum 5-minute flow before breakdown 

and the actual difference are good predictors, while the percentile difference is not good 

a predictor. 

Again, the capacity, number of lanes, free flow speed, and truck percentage 

coefficients are positive. The free flow speed is only present in the maximum 5-minute 

flow before breakdown models. 

The merge, combined merge, merge with a lane addition, and a lane drop at 

diverge bottleneck types appear in these models. All four types, except for the lane drop 

at diverge, appear in the models that predict the flow. The merge and merge with lane 

addition have negative coefficients. All other types are positive, when they appear. 

Again, the negative sign of these variables means that these bottleneck types lower the 

values that they are predicting. A positive coefficient will do the opposite. The interaction 

variable is not present in any of the models developed for this definition. 

Discharge Flow  

The final models presented are those that predict the discharge flow. Table 5-7 

displays these models.
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Table 5-7.  Models related to the discharge flow 

Units  
Discharge flow  

Constant  #ofLanes Speed limit  Truck% Type11 Type42 Type63 Type74 Type2*lanes5 R2 value  

veh/hr/ln 1659.40 -195.48 18.99 -25.05 -403.70 -580.90 -324.43 -208.12 -97.82 0.56 

pc/hr/ln  1348.21 -195.19 22.98 N/A -426.56 -677.08 -342.75 -173.12 -104.18 0.55 

 
N/A the variable was not used in the model. 
‘-‘ the variable was not significant enough to appear in the model based on a t-value that was not greater than the critical 
t-value. 
1 Type1 refers to a weaving bottleneck type.  
2 Type4 refers to a merge with a lane addition bottleneck type. 
3 Type6 refers to a diverge bottleneck type. 
4 Type7 refers to a lane drop at diverge bottleneck type. 
5 Type2*lanes refers to the interaction term between merge bottleneck types and lanes. 
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The R-square values for the discharge flow models are reasonable and similar to 

the previous flow predicting models. 

The coefficient for the number of lanes is negative for both models, and is 

consistent with the plots presented earlier. The truck percentage seen during the 

congested period is also negative, which was also observed using the plots. Finally, the 

speed limit was used as a variable instead of the free flow speed. This was done 

because the free flow speed may not be a relevant measure during congested 

conditions, while the speed limit may better reflect the site’s design speed. The speed 

limit is positive in these models, indicating that higher speed limits result in higher flows, 

which is a correlation that was observed for all capacity definitions plotted against the 

free flow speed. 

The weaving and diverge bottleneck types appear in these models; this is the 

first time these types appear in any model. The merge with a lane addition and the lane 

drop at diverge types also appear. All four bottleneck types are negative. The interaction 

variable also appears in these models, and is negative, which is expected. This trend 

was seen in the analysis section in Table 4-2. 

 



 

85 

CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 

This chapter summarizes the results of this work and provides recommendations 

for future work. 

Conclusions 

Several conclusions can be drawn from the results of this study. Firstly, the 

models that predict the percentile difference, regardless of the definition used, have low 

R-square values. Based on this statistic, these models should not be used to determine 

the percentile difference directly. The models developed to predict the flow and the 

actual difference have higher R-square values, making them better predictors. The only 

exception to this statement is for the models that predict the breakdown flow. These two 

models have low R-squares and should not be used. It can be speculated that 

breakdown flow is highly dependent on driver behavior at the time of breakdown, and 

thus more difficult to correlate to the highway environment.  

Secondly, several results can be drawn from the analysis of this paper. The 

variables used in the models were tested for trends. The most apparent trend was seen 

when comparing the capacity to the number of lanes; a strong negative correlation 

exists between these variables. The free flow speed was also tested against the 

different capacity definitions, with a slightly positive correlation seen in all cases. Truck 

percentages were tested as well, and for all pre-breakdown flows, a slightly positive 

trend exists, while for the discharge flow, a negative trend was observed. These trends 

were observed in the models predicting the discharge flow. There were no apparent 

trends seen for these same variables when plotted against the selected capacity 

definitions. 
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There were also some comparisons made to the results of the literature review. 

The first one was observed in Oh and Yeo (2012). The authors found that increasing 

number of lanes reduces the percentile difference at on-ramp merge sites. This thesis 

observed several bottleneck sites, and when analyzing all seven bottleneck types 

together, the percentile difference increases. These seven types were grouped into 

three types, weaving, merge, and diverge, to determine how the grouped types 

responded to the number of lanes variable. The merge site saw an increase in the 

percentile difference with increasing lanes, which is contradictory to the results of the 

Oh and Yeo (2012) study. An interaction variable was also created specifically to see 

the effects of the number of lanes on the on-ramp merge sites. When this variable 

appeared in the models for the percentile difference, it had a positive coefficient, which 

is not consistent with the results of Oh and Yeo (2012). 

Another result from the literature was seen in Lorenz and Elefteriadou (2001). 

They concluded that a capacity rise may occur during a breakdown if the pre-

breakdown flows are low. This phenomenon was experienced during this study. Several 

times when a capacity rise occurred, the breakdown flows were less than 1900 

veh/hr/lane. Very few capacity rise events occurred at flows higher than this. It should 

be noted that not every time a low flow occurred, was there a coinciding capacity rise. 

Also, not all capacity rises occurred at low flows.  

Recommendations 

Based on the research performed, a major recommendation for the future is to 

determine an acceptable definition for capacity. The definition provided by the Highway 

Capacity Manual provides a good summary for what the capacity should be, but fails to 

provide details on how to obtain a capacity value. The capacity values provided in the 
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HCM that are based on free flow speed, are only provided for basic freeway segments. 

The HCM does not provide capacity values for the types of segments examined here. 

The HCM values for basic freeway segments are clearly not suitable for merge, diverge, 

and weaving segments. For instance, a FFS of 70 mph corresponds to a capacity of 

2400 pc/hr/ln, according to the HCM. But the results show breakdowns occurring as low 

as 1400 pc/hr/ln, a thousand vehicles short of the predicted value. Clearly, more 

investigation should be performed to determine acceptable capacities of various types 

of freeway segments. 

The breakdown definition should also be reexamined for future use. Previous 

research has shown many methods in determining the start and end of a breakdown. 

Several use the threshold method, but use arbitrary speed threshold values to 

determine a breakdown. Strides were made in observing the queue length as well as 

the density of the roadway. These measures should be explored and tested for validity, 

in order to establish a better breakdown definition. 

Future research should also examine how the number of lanes impacts the 

capacity change, with regards to the bottleneck type. Each major bottleneck type 

(weaving, merge, and diverge) should be examined by collecting data at sites with a 

range of lanes on the mainline. Each bottleneck type could be examined separately to 

establish trends within each type. 

Finally, with regards to the developed models, the equations that predict the 

percentile difference are less accurate than the remaining equations. Instead, the 

remaining models should be used, with the exception of the breakdown flow models. 

Because of the high R-square values, these are good predictors for the dependent 
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variables. The actual difference can be determined directly, or one of the pre-

breakdown flows, as well as the discharge flow can be calculated. These two flows can 

be used to calculate either the actual or percentile flow, depending on what is needed. 

All three remaining pre-breakdown capacity definitions experience similar trends and 

have similar R-squares, so which definition to use is up to the user and what the 

purpose of the analysis is. The maximum 5-minute flow before breakdown saw higher 

values for the capacity, so this definition could be used as an optimistic view for 

capacity. The 5- and 15-minute flow before breakdown saw smaller values for the 

capacity, and therefore could be used to predict a conservative value. 
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